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Abstract
The objective of this thesis is to study neutrino properties in the framework of
astrophysics and cosmology. The research is concentrated on phenomena connected
with the active galactic nuclei (AGN) that are supposed to be the origin of highest
energy cosmic rays and ultra-high energy neutrinos.
The recent SuperKamiokande results on the atmospheric neutrino ﬂux strongly
indicate that neutrinos have a mass and that they mix with each other. This discov-
ery has made the study of neutrino properties particularly topical. The observation
of very high-energy neutrinos that are supposed to be produced in AGN or related
objects would provide a new probe for testing oscillations, electromagnetic proper-
ties, decays and beyond-the-SM interaction forms of neutrinos.
It is shown that one may obtain stricter constraints on the strength of exotic
neutrino-neutrino interactions than the existing limits from laboratory experiments
and other astrophysical observations. It is also shown that the observation of AGN
neutrino ﬂux may reveal important information about neutrino magnetic moments.
The long travelling distance of AGN neutrinos allows for a sensitive test of neutrino
instability. The decay of a heavy neutrino into a light neutrino and a scalar is
studied, and it is shown that the appropriate coupling strength may be tested in an
accuracy several orders of magnitude better than in other phenomena.
Also cosmology provides information of the basic neutrino properties. The ther-
malization of the wrong-helicity Dirac neutrinos is studied by paying attention in
particular to the pole eﬀects of the weak gauge bosons. By solving numerically the
relevant Boltzmann equation the abundance of wrong-helicity neutrinos is evaluated.
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Short introduction to the papers
I A test of exotic neutrino-neutrino interactions mediated by a massive vector
boson is proposed by using neutrinos from active galaxies. Ultra-high energy
neutrinos may interact with the assumed cosmic neutrino background if ex-
otic neutrino interactions exist. A neutrino signal from active galaxies would
give an upper limit to the strength of these interactions. In the mass range
10 keV to 0.5 GeV of the intermediate boson the ensuing bound would be
more stringent than the other astrophysical or laboratory limits.
II In this paper a test for Majorana neutrino magnetic transition moments is pro-
posed by using neutrinos from jets and hot spots of active galaxies. Transition
magnetic moments can be probed down to values 10−14µB.
III A test for fast neutrino decays is proposed in this paper by using neutrinos from
active galaxies. The test will be sensitive to neutrino mass-lifetime ratio of
500 eV/s. The coupling constant may be tested down to values 10−8 (mν/ eV).
IV The equilibration of wrong helicity Dirac neutrinos is studied in the early
Universe. It has been shown that due to the pole eﬀects of the weak boson
propagator wrong helicity neutrinos might come to thermal equilibrium at
temperatures of around 20 GeV if their mass is around 10 keV. The equili-
bration will wash out the possible information of other interaction forms that
would equilibrate the wrong helicity species at higher temperatures.
vi
Chapter 1
Neutrino properties
The recent SuperKamiokande result [1, 2] on the atmospheric neutrino ﬂux indicate
that neutrinos are massive particles like other fermions. The muon neutrino νµ
and at least ντ or a so-called sterile neutrino νs have a non-zero mass, and these
masses are not diagonal in ﬂavour but neutrinos mix, giving rise to oscillation that
can explain the observation. This is a clear indication of new physics beyond the
Standard Model (SM), as in the SM neutrinos are assumed to be massless. The
SM need not be abandoned for this reason, however, but it should be modiﬁed or
extended in a suitable way. Neutrino mass terms can be added into the model by
introducing right-handed neutrinos or new scalar ﬁelds without a need to change the
basic structure of the model. These modiﬁcations, however, leave open the question
of the smallness of neutrino masses compared with the masses of other fermions.
The indication of neutrino mass makes also many other issues of neutrino physics
topical. These include the questions of whether neutrinos are Dirac or Majorana
particles, their electromagnetic properties such as magnetic moments, their possible
decays, and their role in cosmology, e.g. as hot dark matter. For massless neutrinos
these questions are irrelevant.
The number of light neutrino types, Nν , has been determined at LEP from the
invisible width Γinv of the Z boson, to which neutrinos contribute through the decays
Z → ν¯ν. The combined result of LEP experiments ALEPH, DELPHI, L3 and OPAL
is Nν = 2.994±0.012 [3]. This means that there are three such neutrinos that couple
to the Z boson via neutral current interactions with a full SM strength and are
lighter than 46 GeV. Sterile neutrinos are not excluded by this result since they do
not couple to the Z boson. Sterile neutrinos could couple to Z due to their mixing
with active neutrinos νe, νµ and ντ but this would not aﬀect the invisible width
as the coupling strengths of the active neutrinos would correspondingly diminish.
The number of neutrino species is an important parameter in cosmology, as will be
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discussed in Chapter 3.
Testing the properties of massive neutrinos in laboratory, astrophysics and cos-
mology will give us valuable information about physics beyond the SM. This thesis
concentrates on some astrophysical and cosmological neutrino phenomena. The
main emphasis is placed on active galactic nuclei (AGN) as a new test environment
of neutrino physics. What follows in this Chapter is an overview of the fundamental
aspects of physics of massive neutrinos. The subject matters of the original work
presented in the research papers will be covered in the proceeding chapters.
1.1 Neutrino masses
The experimental upper limits for the neutrino masses are
mνe < 4.35 eV [4], (1.1)
mνµ < 170 keV [5], (1.2)
mντ < 18.2 MeV [6]. (1.3)
The electron neutrino mass limit has been measured from the the tritium beta decay
spectrum, 3H → 3He + e− + ν¯e, where the neutrino mass should manifest itself
through the endpoint energy of the electron. The upper limits for the muon and the
tau neutrino masses have been measured kinematically as well, for the muon neutrino
from the pion decay process π+ → µ++νµ and for the tau neutrino from the hadronic
decay modes of the tau, which are described as a two-body decay, τ− → h− + ντ ,
where the hadronic component consists of three, ﬁve or six pions, h− = 2π−π+ or
h− = 3π−2π+(π0). In spite of some ongoing experimental searches [7] it is possible
that the tau neutrino will be detected for the ﬁrst time in the future neutrino
telescopes, as will be discussed later in Chapter 2.
Dirac masses
The Standard Model of electroweak interactions is based on SU(2)L ×U(1)Y gauge
symmetry. The basic fermions are assigned according to their chirality into left-
handed doublets and right-handed singlets:
(
νl
l−
)
L
= (2,−1), l−R = (1,−2),
(
u
d
)
L
= (2,
1
3
),
uR = (1,
4
3
), dR = (1,−2
3
), (1.4)
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where the left- and right-handed chiral components of the Dirac fermion ﬁelds are
deﬁned as
ψL = PLψ, ψR = PRψ; PL =
1
2
(1− γ5), PR = 1
2
(1 + γ5). (1.5)
In the minimal SM the right-handed singlet neutrinos νR = (1, 0) are absent as
neutrinos are assumed to be massless and also because there is no evidence of such
wrong-handed neutrino states. An introduction of these states may seem as the
simplest way to generate neutrino masses as it makes neutrinos analogical with the
other fermions in this respect. In such a minimally extended SM the complex scalar
Higgs doublet
Φ =
(
φ+
φ0
)
= (2, 1) (1.6)
couples to left-handed lepton doublets and right-handed neutrino singlets via
Yukawa couplings (Φ˜ = iσ2Φ
∗)
−LYukawa = (λν)αβ(ν¯α l¯α)LΦ˜νβR + h.c., (1.7)
where α and β are ﬂavour indices and (λν)αβ are called the Yukawa coupling con-
stants. As a result of spontaneous breaking of the SU(2)L×U(1)Y gauge symmetry
the term (1.7) gives rise to the mass matrix
Mν = λν
v√
2
, (1.8)
where v/
√
2 is the vacuum expectation value (v = 246 GeV) of the Higgs doublet,
i.e.
〈0|Φ|0〉 = 1√
2
(
0
v
)
. (1.9)
The value of v is set by the mass of the W boson, MW = gv, where g = 0.64 is the
gauge coupling constant. As neutrino masses are constrained to be very small, the
Yukawa couplings λν should be also very small compared with those of the other
fermions. Here one faces a hierarchy problem to which the SM does not give any
satisfactory answer.
The Dirac neutrino mass matrix Mν , which is in the general case an arbitrary
3× 3 complex matrix, can be diagonalized with a transformation
MD = VmU †, (1.10)
3
where matrices V and U are unitary. The mass eigenstates νi (i = 1, 2, 3) can be
written in terms of the interaction eigenstates ναL and ναR (α = e, µ, τ) as
νi = U
†
iαναL + V
†
iαναR, (1.11)
leading to the diagonal mass term
−LD =∑
i
mi(ν¯iRνiL + ν¯iLνiR) =
∑
i
miν¯iνi. (1.12)
The unitary matrix U appears in the charged current Lagrangian of leptons and it
is analogous to the Cabibbo-Kobayashi-Maskawa matrix of the quark sector. If the
mass matrix Mν is not diagonal, only the total lepton number L is conserved, but
not the separate lepton numbers Le, Lµ and Lτ associated with diﬀerent families,
allowing for neutrino oscillations and radiative neutrino decays, and other ﬂavour
changing phenomena.
Chirality
The eigenvalues of the chirality operator γ5 are −1 and +1 for the left-handed and
right-handed chiral states of Eq. (1.5), respectively. But chirality is not in general
a conserved quantum number for observed particles, in contrast with helicity, the
particle spin projection on its momentum. The helicity operator for a particle with
momentum p can be deﬁned as
h =
#Σ · #p
|#p| ,
#Σ = γ5γ
0#γ =
(
#σ 0
0 #σ
)
. (1.13)
If a fermion is massless or if it is ultrarelativistic, then the helicity and chirality
operators have the same eigenstates, left-handed particles having negative helicity
(the eigenvalue of the helicity operator is −1) and right-handed ones positive helicity
(+1). Introduction of the mass terms (1.12) leads to the breaking of this pattern
as they mix the left- and right-handed states and only helicity is left as a good
quantum number. Helicity states are, however, mixtures of chirality states, and in
the ultrarelativistic limit one can write
ψL  ψ− + m
E
ψ+, ψR  ψ+ + m
E
ψ−, (1.14)
where E is the energy of the neutrino and the minus and plus signs refer to the
negative and positive helicity, respectively.
In weak interactions parity is maximally broken [8, 9], which is in the SM taken
into account by allowing only the left-handed quarks and leptons (and corresponding
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right-handed antiparticles) to transform non-trivially under the SU(2) gauge trans-
formation. But this does not force neutrinos to be only left-handed chirality states
(or antiparticles right-handed chirality states); it is a property of the interactions.
Nevertheless, the right-handed singlet neutrinos νR are in the SM sterile particles
lacking gauge interactions. Therefore the production of positive (negative) helicity
states of a (anti)neutrino is possible but suppressed by a factor (m/E)2 according
to Eq. (1.14), since the positive (negative) helicity state of the (anti)particle has a
small component of the (right) left-handed chiral state that can couple with weak
bosons1. Nevertheless, the production or interaction rates of these sterile neutrino
states might have substantial eﬀects in some circumstances, e.g. in the Sun or su-
pernovae or in the early Universe. Such phenomena will be discussed later in this
thesis.
Majorana masses
In addition to the ordinary Dirac mass terms of the form mν¯RνL, Lorentz invariance
allows in the case of neutrinos also the mass term
mν¯cRνL + h.c., (1.15)
where νcR is the charge conjugation of the ﬁeld νL deﬁned as (C is the charge conju-
gation matrix2 deﬁned by the property C−1γµC = −γTµ )
νcR = Cν¯
T
L . (1.16)
The ﬁeld νcR describes the same degrees of freedom as the ﬁeld νL. The mass term
(1.15) thus allows the active ﬁeld νL to be massive without the existence of the
right-handed sterile ﬁeld νR. The mass Lagrangian (1.15) is called Majorana mass
term as the corresponding mass eigenstates are self-conjugated Majorana particles
with the property νc = ν. Obviously, the lepton number is not a good quantum
number in the case of Majorana neutrinos as the mass term (1.15) breaks it by two
units.
If the right-handed neutrino is present, it may also have a Majorana mass term,
whose form can be obtained from (1.15) by interchanging L↔ R. The most general
mass Lagrangian with Dirac and Majorana mass terms can then be written as
−LM+D = ν¯RMDνL + 1
2
(
ν¯cRMML νL + ν¯RMMR νcL
)
+ h.c., (1.17)
1With loose language positive helicity Dirac neutrinos are often called right-handed and negative
helicity states left-handed. Also the term ”wrong-helicity” neutrino is used.
2CT = C† = −C, C†C = 1 and Cγ5C−1 = γT5 . In the Dirac representation of gamma matrices
C = iγ2γ0.
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whereMD is a 3×3 complex Dirac mass matrix andMML andMMR are 3×3 complex
Majorana mass matrices for left and right-handed neutrinos, respectively. One can
show that the Majorana mass matrices are symmetric due to Fermi statistics. The
vectors νL and νR represent the ﬂavour eigenstates:
νL =


νeL
νµL
ντL

 , νR =


νeR
νµR
ντR

 , (1.18)
By using the identity ν¯cRν
c
L = ν¯RνL one can cast the mass Lagrangian (1.17) in the
form
−LM+D = 1
2
(ν¯cR ν¯R)
(
MML M
D
MD MMR
)(
νL
νcL
)
+ h.c. (1.19)
The right-handed neutrinos νR are sterile with respect to the SM gauge interactions,
but diagonalization of mass term (1.19) in general leads to mixings of active and
sterile right-handed and left-handed neutrinos so that the right-handed components
of the resulting Majorana particles are not sterile. This is in contrast with the case
of Dirac neutrinos, whose right-handed components always are sterile.
The mass Lagrangian (1.19) can be diagonalized with a unitary transformation
UTMU , whereM is the matrix appearing in (1.19). By deﬁning the mass eigenstates
χ as


χ1
...
χ2n

 = χ = χL + χR = U †νL + UT νcR, (1.20)
where n is the number of lepton families, the mass Lagrangian (1.19) can be reduced
to diagonal form
LML = −
1
2
χ¯mχ, (1.21)
where m is a diagonal mass matrix.
The ordinary weak interactions of both Dirac and Majorana neutrinos have the
same form, since the formal relation between the active ﬂavour states and the mass
eigenstates is given in both cases by
νL = UχL, (1.22)
and e.g. oscillation phenomena can thus be described in the same way for both
neutrino types.
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Neutrinoless double beta decay
Under a global U(1) transformation ν → exp(iα)ν the Dirac mass term ν¯ν is ob-
viously invariant while the Majorana mass term ν¯cν is not. This implies that the
total lepton number is conserved in the Dirac case but broken, as mentioned, by two
units in the presence of Majorana mass terms. This feature can be used in experi-
ments to distinguish Majorana and Dirac neutrinos from each other. The so-called
neutrinoless double beta decay [10],
A(Z,N)→ A(Z + 2, N) + 2e−, (1.23)
of some nuclei has been studied to get evidence of the possible Majorana nature
of neutrinos. This process is mediated by those virtual Majorana neutrinos that
have a νe ﬂavour component. Its amplitude is proportional to the quantity 〈mνe〉 ≡
ΣimiU
2
ie, where mi is the mass of the exchanged neutrino, U is the neutrino mixing
matrix deﬁned in (1.20) and the sum runs over the mass eigenstates. Sofar there is
no positive evidence of this process to occur but one has obtained the upper bound
〈mνe〉 < 0.20 eV [11].
Majoron models
In the so-called singlet majoron model [12] right-handed singlet neutrinos are intro-
duced to the SM, along with an extra singlet Higgs particle ϕ. There appears a new
Yukawa term, to be added to the Dirac-type Yukawa coupling (1.7), of the form
λαβ ν¯
c
αLνβRϕ+ h.c. (1.24)
In addition to the ordinary Dirac mass term originating in the coupling (1.7), Ma-
jorana mass term Mαβ ∼ λαβ〈ϕ〉0 is generated for the right-handed neutrinos νR,
when the singlet Higgs ﬁeld ϕ acquires a non-zero vacuum expectation value, which
is assumed to be large. The mass matrix in this model has the same form as (1.19)
except that there is no left-handed Majorana mass term, i.e. MML = 0. Diagonaliza-
tion of the mass matrix leads to a see-saw mass pattern [13]: in each lepton family
there is a very heavy Majorana neutrino and a very light Majorana neutrino.
The left-handed Majorana mass term may arise if one adds to the SM a Higgs
triplet (instead/in addition to singlet), ∆ = (∆++,∆+,∆0), transforming as (3, 2)
under SU(2)L × U(1)Y . It has the following Yukawa coupling with leptons:
fαβ (ν¯ l¯)
c
αR #σ
(
ν
l
)
βL
· #∆+ h.c., (1.25)
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where σ = (σ1, σ2, σ3) are Pauli spin matrices. If 〈∆0〉 = 0 in the ground state,
lepton number is spontaneously broken and the following Majorana mass term (in
matrix notation) for the left-handed neutrinos is generated:
f〈∆0〉(ν¯cRνL + ν¯LνcR) =
1
2
mν ν¯ν, (1.26)
where ν = νL + ν
c
R and mν = 2f〈∆0〉. The spontaneous breaking of the lepton
symmetry generates a massless Nambu-Goldstone boson, a majoron (φ). As the
majoron has a strong coupling to the Z0 boson, the decay Z0 → φσ would have a
large branching ratio. Here σ is the massive scalar state associated with the original
triplet Higgs. This original triplet majoron model [14] is ruled out by the LEP
limit [3] on the invisible width of Z, which does not allow the new decay channel. The
singlet majoron model is allowed, as well as models with singlet-triplet or ”hidden
triplet” structure with suppressed couplings with the Z-boson (see, e.g., [15, 16]).
The breaking scale V of the lepton number conservation is usually connected
with neutrino masses in a direct way, mν  gV , where g is the coupling constant of
the majoron with neutrinos. If the breaking scale V is not too high (V <∼ 100 GeV)
then the decay νi → νjφ will have a substantial width. This decay channel may
be important in cosmology and astrophysics. The lifetime of νi in its rest frame is
given by [17]
τν  16π
g2
m3i
(mi +mj)2(m2i −m2j )
 16π
g2mi
 3.31× 10
−14 s
g2
(
eV
mi
)
, (1.27)
where it is approximated that mi  mj . The lifetime is typically much shorter
than that of the radiative decay νi → νjγ. The majoron decay channel would make
the otherwise cosmologically forbidden heavy neutrinos allowed, and fast neutrino
decay may even be favoured by structure formation and because it would loosen the
nucleosynthesis bound on the number of light neutrinos (see e.g. [18, 19, 20, 21]).
If all neutrino masses are assumed to be small, the quantity gV has to be small
as well, leading to a hierarchy problem with either small symmetry breaking scale
or a small coupling constant. To avoid this problem some new majoron models
have been proposed [22, 23, 24], where ”majoron” means generically a massless or a
light particle that has couplings with neutrinos, not necessarily a Goldstone boson.
The ”majoron” carries one or two units of lepton number (therefore these models
are called ”charged majoron models”), and the lepton symmetry is not necessarily
broken (see e.g. [23]).
In laboratory the best test bench for majoron models is provided by the double
beta decay. If neutrino-majoron couplings exist, there appears new decay modes
8
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Figure 1.1: Majoron emitting double beta decay. Figure from ref. [27].
like (see Fig. 1.1)
2n → 2p+ 2e− + φ,
2n → 2p+ 2e− + 2φ. (1.28)
The bound on the coupling strength g that follows from the data depends on the
model. For the traditional models with lepton symmetry breaking g < 10−4 [25,
26]. For some of those alternative models where the majoron is not a Goldstone
boson the limit is much weaker, g < 0.1, or even non-existing [25, 26]. Somewhat
stricter constraints can be drawn from astrophysics, as will be discussed in the next
chapter. In Paper III it is proposed that all majoron models could be tested down
to the coupling strengths of g ∼ 10−8 by studying the stability of ultra-high energy
neutrinos originating in active galactic nuclei.
Models with explicit lepton symmetry breaking
One more possibility to induce neutrino masses in the framework of the SM gauge
symmetry is provided by the Zee model [28]. There Higgs sector is extended from
that of the SM, to consist of two Higgs doublets and one charged scalar, and neutrino
masses are generated via radiative corrections. Two of the neutrinos have almost
degenerate masses and they mix maximally. The third neutrino is very much lighter
and it has small mixings with the other two. The model can explain the atmospheric
neutrino anomaly if the two heavier degenerate neutrinos, with masses around some
electronvolts, are νµ and ντ [29]. To explain the solar neutrino deﬁcit, the model
should be supplemented with one sterile neutrino that mixes with νe [29].
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Left-right symmetric model
The left-right symmetric model [30, 31] is an extension of the SM based on the
gauge symmetry SU(2)R×SU(2)L×U(1)B−L. The see-saw mechanism [13] realized
in the majoron model appears more naturally in this model, providing a natural
explanation to the lightness of neutrinos. In contrast with the majoron models,
extra Higgs particles are there not introduced just for this purpose but neutrino mass
mechanism is intimately connected with the breaking of the left-right symmetry. In
the model there are two Higgs triplets, ∆R ≡ (1, 3, 2) and ∆L ≡ (3, 1, 2), and a
bidoublet Φ ≡ (2, 2, 0). The spontaneous breaking of the SU(2)R symmetry into
the SM symmetry gives masses to heavy gauge bosons W±R and Z
0
R, as well as
Majorana masses to the heavy right-handed neutrinos νR, M
M
R ∼ fR〈∆R〉, where fR
is a Yukawa coupling. Dirac masses MD are generated by the bidoublet Φ and they
are of the same order of magnitude as the mass of the corresponding charged lepton.
The breaking scale of SU(2)R set by the vev 〈∆R〉 should be quite high, as there is no
evidence of V +A interactions. The direct measurements of the masses of theWR and
ZR bosons have led to the lower boundsMWR
>∼ 650 GeV [32] andMZR
>∼ 450 GeV [3].
The Higgs triplet ∆L will generate a Majorana mass M
M
L = fL〈∆L〉 to the left-
handed neutrino, but this must be much smaller than MMR due to the lightness of
the known neutrinos. Thus there is a natural hierarchy among the various neutrino
mass terms: MML  MD  MMR . This leads to a seesaw-type mass matrix with
the eigenvalues ∼ M2D/MR and ∼MR for the predominantly left-handed and right-
handed neutrinos, respectively [30, 31].
1.2 Neutrino oscillations
Neutrino oscillation [33] is a quantum mechanical phenomenon where the ﬂavour
content of a neutrino state varies periodically. It occurs when neutrinos mix and are
not degenerate in mass. Neutrinos are produced and detected as interaction eigen-
states, but they propagate in vacuum as mass eigenstates. A neutrino interaction
eigenstate, e.g. the electron neutrino |νe〉, can be written as a superposition of mass
eigenstates (cf. Eq. (1.11)):
|νe(x)〉 =
∑
i
U∗ei|νi(x)〉, (1.29)
where Uei are elements of the unitary mixing matrix U and the sum is over all
possible neutrino mass states. The time evolution of the mass eigenstates can be
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described in terms of the time evolution operator exp(−iH0t), so that
|νe(x)〉t =
∑
i
e−iH0tU∗ei|νi(x)〉 =
∑
i
e−iEitU∗ei|νi(x)〉, (1.30)
where H0 is the free particle Hamiltonian. If neutrinos are relativistic, one can write
Ei =
√
p2i +m
2
i ≈ p+
m2i
2p
. (1.31)
Here it is approximated that all the mass states appearing in the superposition
(1.29) have the same momentum, pi ≈ p. If neutrino masses are diﬀerent, the mass
states |νi〉 propagate with diﬀerent velocities making the ﬂavour composition of the
neutrino state to change. In the basis of ﬂavour states |να〉 one has
|νe〉t =
∑
α
A(νe → να, t)|να〉, (1.32)
where
A(νe → να, t) ≡ 〈να|νe〉t =
n∑
i=1
U∗αie
−iEitUei (1.33)
is the probability amplitude of the νe → να transition at the time t. The probability
to see a να component in the νe ﬂux is correspondingly
P (νe → να, t) = |〈να|νe〉t|2 = |
∑
i
U∗αie
−iEitUei|2 (1.34)
≈∑
i
|Uαi|2|Uei|2 +Re
∑
i
∑
j =i
UαiU
∗
αjU
∗
eiUeje
−i (m
2
j
−m2
i
)t
2p , (1.35)
where the last approximation is valid for relativistic neutrinos.
For two neutrino mixing the mixing matrix is of the form3
U =
(
cos θ sin θ
− sin θ cos θ
)
, (1.36)
and
|νe〉t = cos θ e−iE1t|ν1〉 − sin θ e−iE2t|ν2〉
 e−it(p+
m2
1
2Eν
)(cos θ|ν1〉 − ei
δm2t
2Eν sin θ|ν2〉). (1.37)
The probability to see a muon neutrino |νµ〉 = sin θ|ν1〉+ cos θ|ν2〉 at a given time t
in the original electron neutrino beam is then
P (νe → νµ, t) = |〈νµ|νe〉t|2 = | cos θ sin θ(1− exp(iδm2t/2Eν)|2
= sin2 2θ sin2(δm2L/4Eν) = sin
2 2θ sin2
(
1.27δm2L
Eν
)
. (1.38)
3If neutrinos are Majorana particles, this matrix may contain in a general case a CP violating
phase factor in its nondiagonal elements [34, 35].
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In the last line we have written t ≈ L/c = L, where L is the propagation distance
and the dimensions of L, δm2 and E are in meters, (eV)2 and MeV, respectively.
The oscillation length for one oscillation cycle is
Losc =
4πEν
δm2
 2.48 Eν
MeV
eV2
δm2
m. (1.39)
The probability to see the original electron neutrino in the beam is correspondingly
P (νe → νe, t) = 1− P (νe → νµ, t) = 1− sin2 2θ sin2
(
1.27δm2L
Eν
)
. (1.40)
Matter eﬀects
The considerations above are valid only for neutrinos propagating in vacuum. In
a medium interactions of neutrinos with matter will cause refraction and damping,
which may aﬀect the oscillation phenomena drastically [36].
Muon and tau neutrinos interact with electrons in ordinary matter via neutral
current interactions only, whereas electron neutrinos have an additional process
via charged current interactions. This leads to diﬀerent elastic forward scattering
amplitudes for νe and for νµ and ντ and the propagation eigenstates become functions
of the electron density of the matter. If the electron density changes adiabatically,
i.e. slowly compared to the oscillation frequency of neutrinos in matter, through the
resonance value [36]
Ne =
δm2 cos 2θ
2
√
2GFEν
, (1.41)
then even with a small vacuum mixing angle θ full conversion of neutrino ﬂavours in
the ﬂux occurs. In the case where the oscillation length in matter is large compared
with the width of the resonance region, the conversion is not complete. Note that
matter eﬀects may also cause conversions from active neutrinos to sterile ones as
sterile neutrinos lack weak interactions. Therefore νµ,τ ↔ νs conversions may occur
in addition to νe ↔ νs.
This so-called MSW-eﬀect [36] (according to Mikheev, Smirnov and Wolfenstein)
might be the solution to the solar neutrino problem. There are two allowed regions
that ﬁt to the solar neutrino data [37], with δm2  5.4× 10−6 eV2 for the so-called
small mixing angle solution sin2 θ  6.5×10−3 and δm2  1.8×10−5 eV2 for the large
mixing angle solution sin2 θ  0.76. Matter eﬀects may be also important in the
early Universe where the electron density changes together with the expansion [38],
as well as in supernovae [39].
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Neutrino oscillation experiments
The Liquid Scintillator Neutrino Detector (LSND) experiment [40] has reported the
observation of events that can be interpreted in terms of ν¯µ ↔ ν¯e oscillations [41].
The experiment is performed at Los Alamos Meson Physics Facility (LAMPF) and it
uses neutrinos from decays of pions and kaons created in a beam dump. Antineutrino
ν¯e event signature are positrons emitted in the reaction ν¯e+p→ e++n, followed by
a delayed 2.2 MeV gamma ray from the neutron capture np→ dγ. The experiment
reported a total excess of 51.8+18.7−16.9±8.0 electron antineutrino events with e+ energy
between 36 and 60 MeV. The estimated background is 12.5 ± 2.9 events. The
interpretation of the excess in terms of neutrino oscillations leads to an allowed
region in the (δm2, sin2 2θ) presented in Fig. 1.2.
The Karlsruhe-Rutherford Medium Energy Neutrino (KARMEN) experi-
ment [42] being performed at the Rutherford-Appleton Laboratory investigates the
same phenomena. The diﬀerence between it and LSND is that the beam is pulsed so
that it is possible to separate neutrinos from muon and pion decay due to their dif-
ferent time distributions with respect to the beam pulse. KARMEN experiment has
not observed any signal above the expected background, that is, it does not see any
evidence of the ν¯e ↔ ν¯µ oscillations [43]. The excluded region in the (δm2, sin2(2θ))
covers partly the region favoured by LSND4, see Fig. 1.2 (In the Fig. 1.2 are pre-
sented also results of some earlier experiments.).
At CERN there are two experiments, CHORUS [50] and NOMAD [51], searching
for νµ ↔ ντ oscillations. A neutrino beam from the 450 GeV SPS accelerator is
used in both experiments. CHORUS uses nuclear emulsion for the detection of
the τ . NOMAD uses only kinematical criteria to identify the production and the
subsequent decay of the tau lepton by observing both leptonic and hadronic decay
modes of it. Both experiments have reported no evidence of neutrino oscillations and
they have excluded mixing angles [52, 53] sin2 2θ > 1.2×10−3 for large δm2 >∼ 10 eV2.
NOMAD has also excluded those νµ ↔ νe oscillations for δm2 > 10 eV2 allowed by
LSND.
Long baseline experiments are needed to test the νµ ↔ ντ oscillation indi-
cated by the atmospheric neutrino data from IMB [54], Kamiokande [55] and
Super-Kamiokande [1] in the interesting range of nearly maximal mixing and
δm2 ≈ 10−3 eV2. The detector should be located at a distance of the order of
1000 km from the source of neutrinos with energies of the order of 10 GeV. Such
experiments are planned in Japan (KEK, Kamioka) [56], in Europe (e.g. CERN,
4It has been argued [44] that KARMEN results exclude almost entirely the LSND allowed
region. The claim is, however, disputable [45, 46].
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Figure 1.2: KARMEN2 90 % CL exclusion limit and sensitivity compared to other
experiments: BNL [47], CCFR [48], BUGEY [49] and the evidence for ν¯µ → ν¯e
oscillations reported by LSND [41]. BNL [47] was a neutrino beam experiment at
Brookhaven National Laboratory, CCFR [48] was also a neutrino beam experiment
at Fermilab and Bugey a reactor neutrino experiment [49]. Figure from ref. [43].
Gran Sasso) [57, 58, 59, 60] and in the USA and Canada (Fermilab, Sudbury) [61].
The reactor experiments, using functional nuclear power plants, search for elec-
tron neutrino oscillations. The neutrino energy is below 10 MeV in these experi-
ments. The CHOOZ [62] experiment at Ardennes, France located about 1 km from
the reactors, uses a detector made of a Gadolinium loaded liquid scintillator target,
and the main aim is to see 8 MeV gamma rays from gadolinium de-exitation. The
experiment has been taking data since August 1996. The results of the CHOOZ
collaboration [63] are presented in Fig. 1.3. They strongly disfavour the νµ ↔ νe
oscillations as a possible explanation to the atmospheric neutrino anomaly.
1.3 Electromagnetic properties of neutrinos
Even though neutrinos are chargeless, massive neutrinos may couple with photons
at loop level. The eﬀective Lagrangian for the coupling is of the form
L = 1
2
F αβ ν¯iσαβ(µij + εijγ5)νj, (1.42)
where indices i and j denote diﬀerent neutrino ﬂavours, F αβ is the electromagnetic
ﬁeld tensor, σαβ =
i
2
[γα, γβ] and µij and εij are magnetic moments and electric dipole
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Figure 1.3: The 90% C.L. exclusion plot for CHOOZ, compared with previous exper-
imental limits and with the KAMIOKANDE allowed region. Figure from ref. [63].
moments, respectively.
The Feynman graph describing the coupling (1.42) in the 1-loop level is pre-
sented in Fig. 1.4. For Dirac neutrinos the electric dipole moment vanishes [39, 64],
εij = 0. The observation of Dirac neutrino electric dipole moments would be a
signal of CP-violation. The magnetic moment terms couple the active and sterile
components of Dirac neutrinos. This eﬀect may have important consequences e.g.
in supernova dynamics, as the wrong-helicity neutrinos would inﬂuence the cooling
of the collapsing core if µν
>∼ 10−12µB [39, 65, 66].
For Majorana neutrinos diagonal electric and magnetic transition moments van-

l−
W+
l−
νL νR
γ
Figure 1.4: Dirac neutrino magnetic moment. Another term arises when the photon
couples with the W .
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ish due to CPT-invariance, µii = εii = 0, whereas the non-diagonal terms may exist.
If the CP eigenvalues (±i) of νi and νj are opposite, then εij = 0, and if they are
equal, then µij = 0 [31, 39].
In the minimally extended SM the magnetic moments induced by the loops of
Fig. 1.4 are small. For Dirac neutrinos (transition νL → νR) one obtains [67, 68]
µν =
3GF emν
8
√
2π2
= 3.2× 10−19
(
mν
1 eV
)
µB, (1.43)
where µB = e/2me is the Bohr magneton and mν neutrino mass. If neutrino mass
is of the order of 1 eV or less, as is the case at least for the electron neutrino, the
magnetic moment is too small to be either detected or to inﬂuence any processes
in astrophysics or cosmology. A higher µνe than this would indicate new physics
beyond the SM, e.g. the existence of right-handed currents. Typically in theories
small masses cannot induce large magnetic moments without some kind of ﬁne
tuning [69], and e.g. in left-right symmetric models the magnetic moment may
reach values µν ∼ 6 × 10−13 [70]. Nevertheless, there are models where magnetic
moments can be large even if neutrino masses are small [71, 72, 73, 74, 75].
It follows from the form of the magnetic coupling
µij
2
F αβ ν¯iσαβνj that for rela-
tivistic neutrinos a perpendicular magnetic ﬁeld B⊥ may cause a magnetic transition
between νi and νj . In a constant homogeneous magnetic ﬁeld the propagation of neu-
trino mass eigenstates can be described with a Schro¨dinger type equation iν˙ = Hν.
In the case of Dirac neutrinos the magnetic transition cause a helicity ﬂip which in
ultrarelativistic limit becomes equivalent with the chirality ﬂip νL ↔ νR. Approxi-
mating neutrino energy with E = p +m2/2E one can write for the helicity ﬂip of
a Dirac neutrino the following equation of motion, assuming only one ﬂavour with
negligible mixing with the other ﬂavours [17]:
i
(
ν˙L
ν˙R
)
=

 p+ m212E µB⊥
µB⊥ p +
m21
2E

( νL
νR
)
, (1.44)
where B⊥ is the magnetic ﬁeld component perpendicular to neutrino momentum.
One can eliminate the diagonal terms in Eq. (1.44) by redeﬁning the overall phase
of the neutrino ﬁelds. If the neutrino is initially in the active state, i.e. νL = 1 and
νR = 0 at t = 0, the diﬀerential equation (1.44) gives when solved the probability
for the transition from an active to a sterile state (at a distance L = t from the
source):
P (νL → νR; t = L) = sin2(µB⊥L). (1.45)
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This result is valid, of course, only for a homogeneous magnetic ﬁeld perpendicular
to the neutrino propagation. For a more general case B⊥L has to be replaced with
the integral
∫ L
0 B⊥dl.
For Majorana neutrinos the magnetic transition appears between two neutrino
ﬂavour states, e.g. νµ ↔ ντ . The propagating states in the magnetic ﬁeld are,
however, mass eigenstates. Assuming only two ﬂavours, e.g. muon and tau neutri-
nos, the ﬂavour eigenstates are (νµ, ντ )
T = U(θ)†(ν1, ν2)T , where U(θ) is deﬁned in
Eq. (1.36). For pure mass eigenstates, the propagation is governed by the following
Schro¨dinger-type equation [17]:
iν˙M = HνM =
(
E1 0
0 E2
)
νM , (1.46)
which can be reduced to the form
iν˙M =
1
2E
(
m21 0
0 m22
)
νM ≡ 1
2E
MMνM , (1.47)
where we have approximated Ei  pi + m2i /2pi  p + m2i /2E. For ﬂavour states
Eq. (1.47) is
iν˙W =
1
2E
U(θ)MMU(θ)
†νW . (1.48)
The propagation of the interaction eigenstates in the magnetic ﬁeld is governed by
the equation [17]
i
(
ν˙µ
ν˙τ
)
=
1
2E
(
m21 cos
2 θ +m22 sin
2 θ 2µB⊥E
2µB⊥E m22 cos
2 θ +m21 sin
2 θ
)(
νµ
ντ
)
. (1.49)
Magnetic transition occurs if the non-diagonal terms of the matrix on the r.h.s.
are larger than the diagonal terms. In the limit of small mixing this leads to the
condition [17]
µB⊥ >
δm2
2E
. (1.50)
The probability for ﬂavour conversion analogical to (1.45) is
P (νµ → ντ ; t = L) = sin2(µ
∫ L
0
B⊥dl). (1.51)
Notice that the conversion probability is not dependent on energy. All neutrinos
traversing the same distance will thus undergo the same transition, independent of
their energy. Energy, however, has to meet the condition (1.50).
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Radiative neutrino decays
The process in Fig. 1.4 describes not only neutrino magnetic moment but also neu-
trino radiative decay
νi → νjγ, (1.52)
where νi and νj are heavier and lighter neutrino mass states, respectively. The decay
width written in terms of eﬀective magnetic moment is given by [39]
Γ =
µ2ν
8π
(
m2i −m2j
mi
)3
 5.3081
s
(
µν
µB
)2 (m2i −m2j
m2i
)3 (
mi
eV
)3
, (1.53)
where µν = |µij|2+|εij|2. Neutrino mean lifetime is constrained poorly in laboratory,
the lower limit for the electron neutrino mean life/mass ratio in processes like (1.52)
being [76, 3] τ/mν >300 s/eV and for the muon neutrino [77, 3] τ/mν >15.4 s/eV.
Astrophysics and cosmology set constraints on neutrino radiative decays. The most
well-known neutrino source is the Sun, and the limit obtained there for the lifetime
of the electron neutrino by measuring the γ- and X-ray ﬂuxes is [78, 3] τ/mν >
7× 109 s/eV.
The laboratory limits to magnetic moments
The most stringent laboratory limit for the neutrino magnetic moments has been de-
rived from electron-(anti)neutrino scattering experiments. In the case that neutrinos
have magnetic moments, the processes e−νe → e−νe, e−νµ → e−νµ and e−ντ → e−ντ
are not purely weak but can be mediated also by a virtual photon. In the processes
induced by the magnetic moment there will be, in the case of Dirac neutrinos, a dif-
ferent helicity state in the ﬁnal state than in the ordinary weak interaction processes.
For Majorana neutrinos, in turn, the ﬂavour of the ﬁnal state neutrinos is diﬀerent
in these two cases. A neutrino beam from an accelerator or reactor (anti)neutrinos
are used, and the energy and track direction of the recoiled target electrons are
measured. The limits obtained from the non-observation of any deviations from the
cross sections predicted by weak interaction only are the following:
µνe < 1.8× 10−10µB (1.54)
for the electron neutrino magnetic moment [79] and
µνµ < 7.4× 10−10µB (1.55)
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for the muon neutrino magnetic moment [80]. The upper limit of the magnetic
moment of the tau neutrino [81]
µντ < 5.4× 10−7µB (1.56)
is obtained by searching electrons scattered in the forward direction in collisions
with tau neutrinos, which are produced in DS meson decays. These experiments do
not make diﬀerence between Dirac and Majorana neutrinos, and the limit obtained
apply for both neutrino types.
Non-vanishing magnetic moments of neutrinos may give rise to many noteworthy
phenomena in astrophysics and cosmology. For example, Dirac neutrino helicity ﬂips
in the magnetic ﬁelds of the early Universe may lead to an overpopulation of wrong-
helicity Dirac neutrinos [39, 82], yielding an upper bound for the value of magnetic
moment. In Paper II a new astrophysical constraint for neutrino magnetic moments
is proposed, based on the eﬀects magnetic ﬁelds in the hot spots and jets of active
galaxies might have on the neutrino ﬂux. This issue will be considered in more detail
in the next Chapter.
1.4 Exotic interaction forms of neutrinos
The only tree level interactions neutrinos have in the SM are those mediated by the
weak bosons W and Z. There is no experimental evidence of any other forms of
interaction. If such beyond-the-SM interactions exist, as is the case according to
many theoretical speculations, either their energy scale is much higher than what is
covered in experiments so far or these interactions are essentially between neutrinos
only and thus ”secret”, not visible in experiments (see e.g. [83, 84]).
The ”secret” neutrino-neutrino interactions may be mediated by a scalar particle,
e.g. a majoron, or by a so far unknown vector boson. The former case may be of
a greater theoretical interest as majoron models provide a possible scenario for the
generation of neutrino masses. Nevertheless, it is worthwhile to study the latter case
since it is not excluded either. As an example of a model where neutrino-neutrino
interactions are mediated by a gauge boson has been studied in [24]. In this speciﬁc
model the vector particle carries lepton number L = −2.
The vector-mediated secret interactions may be described by the Lagrangian
L = gν¯γµνXµ, (1.57)
where g is the coupling constant of the interaction and Xµ is a spin-one boson. In
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the literature this coupling has been often written in the eﬀective form
F (ν¯γµν)(ν¯γ
µν), F =
g2
M2X
, (1.58)
by assuming that the vector boson is much heavier than the center of mass energy
of neutrinos, i.e. s  M2X . The eﬀective coupling F should be compared with the
eﬀective coupling GF/
√
2 of the ordinary weak interactions.
The ﬁrst test of the secret ν− ν interactions was suggested by Bialynicka-Birula
in 1964 [85], later modiﬁed by Bardin, Bilenky and Pontecorvo in 1970 [86]. They
studied the decays of muon and light mesons where an extra four-neutrino vertex
was added to the ﬁnal state neutrino line, and calculated how the decay width
would change due to such new interaction. Compared with the measured values,
quite modest limits F < (O(106)−O(107))GF were found to these new interactions.
At the moment the most stringent limit for the four-neutrino coupling is from the
decay width of the Z0 boson [83]:
F < 400GF . (1.59)
It has also been argued that at one-loop level the contribution of the secret interac-
tions to the decay width of the Z0 boson would lead to a somewhat more stringent
constraint F < 240GF [84].
The above limits are valid only for eﬀective four-neutrino interaction, i.e. it has
been approximated that the energy scale in reactions is much lower than the mass of
the mediator. For lower mediator masses it may be possible to ﬁnd more stringent
limits. In Paper I a test is proposed, based on the interactions of AGN neutrinos
with the cosmic background neutrinos, whose sensitivity to the secret interactions
is better than that of the laboratory experiments, assuming that the mediator mass
is lower than about 0.5 GeV.
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Chapter 2
Neutrino astrophysics
Theoretical neutrino astrophysics got started as early as in 1939 when Hans Bethe
suggested that some part of the energy of the Sun is released in the form of neu-
trinos [87]. The ﬁrst observation of astrophysical neutrinos from the Sun was an-
nounced by the Homestake experiment in 1968 [88], showing a serious deﬁcit in the
number of events compared with the prediction of the up-to-date theoretical model of
the time [89, 90]. This anomaly still persists, four later experiments (GALLEX [91],
SAGE [92], Kamiokande [93] and SuperKamiokande [94]) having observed similar
deﬁcits. It is generally believed that the deﬁcit is a result of neutrino oscillations,
but the issue is not fully settled yet. Neutrino astrophysics has evolved more recently
also into new areas. In 1987 a blue supergiant star was seen to have exploded as a su-
pernova in the neighbouring galaxy Large Magellanic Cloud. A handful of neutrinos
originated in this explosion were detected in the IMB (Irvine-Michigan-Brookhaven)
detector [95], in the Kamiokande detector [96] and in the Baksan BST detector [97].
The data allowed for the derivation of many constraints on neutrino properties. At-
mospheric neutrino anomaly, i.e. the observation that the muon neutrino component
in the neutrino ﬂux created by cosmic rays in the atmosphere is only about 50 % of
the predicted value, was for the ﬁrst time reliably reported by the water Cerenkov
experiment Kamiokande in 1988 [55], and ﬁnally in 1998 SuperKamiokande experi-
ment veriﬁed that the reason for the anomaly is most probably the muon neutrino
oscillation with another neutrino species [1, 2].
All these astrophysical observations have been very useful for the study of neu-
trino properties such as masses, oscillations, magnetic moments, decays and possi-
ble exotic interaction forms. In the near future a new window to neutrino astro-
physics will be opened by the construction of neutrino telescopes AMANDA [98],
ANTARES [99], BAIKAL [100] and NESTOR [101]. These large size detectors will
make it possible to observe very distant and therefore faint objects. The possible
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neutrino sources [102] that could be seen are active galaxies, gamma ray bursters
and other, even more exotic objects like decaying topological defects, decaying GUT-
scale particles or collapsing supermassive stars.
This thesis concentrates on the phenomenology of very high-energy neutrinos
that are supposed to be emitted by active galaxies, their jets, nuclei or so-called hot
spots, giant radio lobes that are at the endpoints of the jets. The very long base
line between the source and the detector, typically hundreds of megaparsecs, as well
as the ultra-high energy of neutrinos up to 1018 eV [102], will provide a new length
and energy scale for testing the properties of neutrinos. In Papers I, II and III three
phenomena associated with high-energy cosmic ray neutrinos have been considered
from this point of view: exotic neutrino interactions, magnetic transitions due to
non-vanishing magnetic moments and neutrino decays.
In this Chapter some central issues of neutrino astrophysics are ﬁrst shortly dis-
cussed. The cosmic ray spectrum and the puzzle of the origin of the highest energy
cosmic rays are considered, the main emphasis being put on active galaxies and their
structure. The main idea of particle acceleration in the vicinity of shock waves via
the so-called ﬁrst order Fermi mechanism is shortly explained. The neutrino detec-
tion in neutrino telescopes and the detection rates of diﬀerent theoretical models of
active galaxies are represented. The Chapter ends with a discussion on the topics
considered in Papers I, II and III and the results obtained there.
2.1 Highlights of neutrino astrophysics
Solar neutrinos
The deﬁcit of neutrinos from the Sun has been a persistent mystery for long. The
Homestake radiochemical solar neutrino experiment [88] reported in 1968 the ﬂux of
electron neutrinos originating in the core of the Sun to be 30 % (forEν > 0.814 MeV)
of what is predicted by the standard solar model [89, 90]. Other radiochemical
experiments GALLEX [91] and SAGE [92], as well as water Cherenkov detectors
Kamiokande [93] and SuperKamiokande [94], have conﬁrmed the deﬁcit, observing
about 50 % (Eν > 0.233 MeV), 60 % (Eν > 0.233 MeV), 50 % (Eν > 7.0 MeV) and
47 % (Eν > 5.5 MeV) of the expected yield, respectively. The most plausible ex-
planation to the deﬁcit is the vacuum or matter oscillation of the electron neutrinos
to another neutrino species. Some other explanations have been suggested as well,
like helicity ﬂip of neutrinos due to their magnetic moment [103] in the magnetic
ﬁelds of the convective zone of the Sun, as well as neutrino decays [104]. The former
alternative is as yet not completely excluded [105], while the latter has been essen-
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tially ruled out [106]. In the vacuum oscillation solution [33] the electron neutrino
has almost maximal mixing with another neutrino type, either νµ, ντ or a sterile
neutrino νs, the best ﬁt being sin
2 2θ  0.75, and squared mass diﬀerence between
the corresponding mass states is very small, δm2  6.5×10−11 eV2 [37]. In the mat-
ter oscillation solution [36] the mass diﬀerence is larger, δm2  5.4 × 10−6 eV2 for
the small mixing angle solution with sin2 θ  6.5× 10−3 and δm2  1.8× 10−5 eV2
for the large mixing angle solution with sin2 θ  0.76 [37]. It is hoped that the SNO
heavy water experiment [107], that will start data acquisition soon, will shed new
light to the deﬁcit problem.
Stellar evolution
Also other stars than the Sun are of use for studying neutrino properties. One cannot
observe neutrino ﬂux from more distant stars than the Sun, but the constraints
on various neutrino properties can be drawn from stellar evolution, like cooling of
white dwarfs and red giants [39] and supernova explosions. The most reliable model
independent astrophysical limit so far for the neutrino magnetic moments can be
inferred from the luminosities of red giants before and after the so-called helium
ﬂash [108], the time when helium ignites. In the inner core of a star, an exited
photon state called plasmon can decay into two neutrinos which will carry out the
energy from the core as they do not essentially interact with stellar matter. The
only condition for the validity of this bound is that neutrino mass eigenstates are
light enough (mν
<∼ 5 keV) to be emitted (10 keV ∼ 108 K is the approximate
temperature in the stellar core). The mass of the helium core will increase slightly
because of this extra cooling mechanism, expected to be seen as a bigger diﬀerence
in the luminosity of the star before and after the ﬂash. The diﬀerence can be
approximated from globular cluster red giants, leading to the limit [108]
µν < 3× 10−12 × µB (2.1)
on the diagonal magnetic moment and to the limit
µν < 2× 10−12 × µB (2.2)
on the transition moment of Dirac neutrinos. Majorana neutrinos have only the
transition magnetic moments, and for them the limit is by a factor of 1/
√
2 more
stringent than the bound (2.2). The above constraints apply to all the neutrino
ﬂavours νe, νµ and ντ .
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Supernova neutrinos
Neutrinos are created in weak interaction processes in the collapsing core of the
supernova, and when they escape from the core they cool it and heat up the outer
layers of the star, inﬂuencing the dynamics of the explosion itself [39]. The random
walk of neutrinos in the dense matter will lengthen the neutrino pulse and scatterings
will also thermalize neutrinos.
Supernova 1987A neutrino data sets a constraint on the magnetic moment of
Dirac neutrinos. Wrong-helicity states can be produced in spin-ﬂip scatterings with
charged particles if the magnetic moment is µν
>∼ 10−12µB [65, 66]. But if the neutrino
magnetic moment is of this order, galactic magnetic ﬁeld (B ∼ 10−6 G) will ﬂip
a wrong-helicity state neutrino back to an interacting state. This would lead to
the detection of not-yet-thermalized neutrinos with energies up to 100 MeV. No
such events were observed [39], but the energies of detected neutrinos varied in the
range 5 MeV<∼Eν
<∼45 MeV. Magnetic ﬁelds in the core of the supernova are of the
order of 1012 G, which can cause helicity ﬂips [109], depending on the value of µν .
Wrong-helicity neutrinos could then ﬂip back to interacting states in the outer layers,
changing the dynamics of the explosion [39].
Also the majoron couplings gν¯iνjφ are constrained by the supernova neutrino
data. A large majoron coupling would lead to a production of majorons and cause
thereby extra cooling of the core via majoron emission, which should have been seen
as a shorter neutrino pulse. The ensuing bound on the neutrino-majoron coupling
strength is g <∼ 10−5 (see e.g. [39]). This limit is disputable, however, since such a
strong coupling would have on the other hand caused neutrino decays on the path
to the Earth, thus lengthening the duration of the pulse [39].
Supernova neutrino data also constrains the electron neutrino mass to
mνe
<∼ 20 eV [110, 111]. The limit follows from the duration of the neutrino pulse
and the energies of detected neutrinos: massive neutrinos would have had diﬀerent
times of ﬂight depending on their energy. Dirac neutrino masses mν > 30 keV are
forbidden since the production of right-handed sterile states would cool the core
fast and thereby decrease the length of the neutrino pulse [112, 113]. Also the limit
τ/mν
<∼ 0.8×1015 s/eV [114, 115] on neutrino radiative decays was deduced from the
fact that no gamma rays were seen in conjunction with the neutrino signal.
One interesting question discussed recently concerns supernova relics, pulsars,
which have been observed to have large peculiar velocities of the order of 500 km/s,
even up to 2000 km/s [116, 117] with respect to the galaxy. One possible explanation
to this behaviour discussed in the literature is that the supernova explosion might
not be spherically symmetric, but neutrinos would have one direction of escape more
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Figure 2.1: The ratio of fully contained data to Monte Carlo for electron and muon
like events with p > 400 MeV as a function of L/Eν at SuperKamiokande [1]. The
points show the ratio of observed counts to Monte Carlo expectation in the absence
of oscillations. The dashed lines show the expectation for νµ ↔ ντ oscillations with
δm2ν = 2.2× 10−3 eV2 and sin2 2θ = 1. Figure from ref. [1].
favoured than the others and this would give a repulsive kick to the pulsar in the
opposite direction [118].
Atmospheric neutrinos
Neutrinos are produced in the atmosphere in the decays of pions and kaons created
in the interactions of cosmic ray protons with nuclei [39]:
p +N → π/K + ... , (2.3)
π± → µ± + νµ(ν¯µ), K± → µ± + νµ(ν¯µ), (2.4)
µ± → e± + νe(ν¯e) + ν¯µ(νµ). (2.5)
The number of muon neutrinos produced in these reactions is twice the number of
electron neutrinos. The absolute neutrino ﬂux is not known exactly, but the ratio
of muon and electron neutrinos is expected to be model independent within better
than 5 % accuracy in the energy range 0.1 < Eν < 10 GeV [119, 120, 121].
The observed ratio of muon to electron neutrinos compared with the predicted ra-
tio, (νµ/νe)obs/(νµ/νe)pred, was reported to be smaller than expected by Kamiokande
(0.60±0.06) [55], IMB (0.54±0.05±0.07) [54] and Soudan 2 (0.66±0.11±0.06) [122]
experiments, whereas NUSEX [123] and Frejus [124] experiments found no anomaly.
The SuperKamiokande detector has observed a substantial up-down-asymmetry in
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the events at energies above 1 GeV [1]. Up-going neutrinos have propagated through
the Earth a distance up to 13 000 km, whereas down-going events have had a shorter
path of the order of some tens to hundreds of kilometers. The observed ratio of up-
and down-going ﬂuxes of electron neutrinos νe + ν¯e is 0.93
+0.13
−0.12 whereas the same
ratio for muon neutrinos νµ + ν¯µ is 0.54
+0.06
−0.05 [2]. This can be understood in terms
of oscillation of muon neutrinos with another neutrino ν ′. The oscillation partner
ν ′ can be either ντ or a sterile neutrino, but not νe since νe ↔ νµ oscillations with
that large a mixing angle (sin2 2θ >∼ 10−3) for the given value of δm2ν is excluded by
the CHOOZ experiment [63]. The probability of the νµ → ν ′ transitions is given by
(c.f. Eq. (1.38))
P (νµ → ν ′) = sin2 2θ sin2
(
1.27
δm2
eV2
L
km
GeV
Eν
)
. (2.6)
In Fig. 2.1 the theoretical value of the probability (2.6) is plotted for maximal
mixing (sin2 2θ = 1) and the mass diﬀerence δm2ν = m
2
νµ −m2ν′ = 2.2 × 10−3 eV2.
The data points are seen to be in a good agreement with the oscillation model. The
data shows clearly that muon neutrinos disappear when the distance/energy ratio
becomes larger, whereas no such behaviour is observed in the electron neutrino ﬂux.
The phenomenon can be explained if the mixing angle is 0.85 <∼ sin2 2θ ≤ 1 and the
squared mass diﬀerence 1 × 10−3 eV2 <∼ δm2ν <∼ 8 × 10−3 eV2 in the case of muon-tau
neutrino oscillations and 2 × 10−3 eV2 <∼ δm2ν <∼ 7 × 10−3 eV2 in the case of muon-
sterile neutrino oscillations. Also some other explanations for the anomaly has been
suggested. It has been pointed out, for example, that a fast neutrino decay would
produce in many respects similar signal as the oscillations [125, 126], but it has
been claimed recently that some features of the scenario do not ﬁt too well with
data [127, 128].
2.2 High-energy cosmic rays
The energy spectrum of cosmic rays, consisting mainly of protons (90%), alpha
particles (9%) and heavier ions (1%), is observed to follow the power law [129]
N(E)dE = KE−adE, (2.7)
where N(E)dE is the number density of cosmic rays within the energy range from
E to E + dE and a is a constant. At low energies, below 1 GeV, the solar wind
inﬂuences the propagation of cosmic rays and the power law spectrum cannot be
applied. In the energy range1 from 1 GeV up to 1 PeV the spectral index is found
11012eV = TeV, 1015eV = PeV, 1018eV = EeV, 1021eV = ZeV and 1024eV = YeV.
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Figure 2.2: Flux of high-energy cosmic rays after multiplication by a factor E2.75.
Arrows point at structure in the spectrum near 1 PeV, the “knee,” and 10 EeV, the
“ankle.” Figure from ref. [131].
to be a  2.7, and at higher energies up to about 10 EeV the spectrum is steepened
the index being a  3 (see Fig. 2.2). This kink at around E = 1 PeV is called ”the
knee” of the cosmic ray energy spectrum. It has been suggested that in some cosmic
ray sources accelerated particles can reach the maximum energy of about 1 PeV and
that this would be the reason for the steepening of the overall spectrum at higher
energies [130]. At very high energies, above EeV, the spectrum becomes softer with
a  2.7. The region of the spectrum where this change takes place is called ”the
ankle”.
The distribution of cosmic rays at the energies below 100 TeV is isotropic with
only less than one percent deviation [132], but it has been observed that this devia-
tion increases with energy. At higher energies up to about 10 EeV the distribution
is clearly concentrated into the galactic plane. This has been used as an argument
for the view that most of the cosmic rays with energies lower than 10 EeV are of
galactic origin since more energetic particles have an easier and faster escape from
the galaxy than the less energetic ones [133]. Another possible reason is that the
galactic plain is mostly a mixture of ionized and neutral particles, easy for cosmic
rays to propagate, whereas the region outside the plain is ionized and magnetized
plasma [132].
The highest energy cosmic ray events observed in air shower detectors by Haverah
Park [134], Yakutsk [135], Fly’s Eye [136] and AGASA [137] collaborations have been
in the range 100-300 EeV. Most of the energetic events, with energy of the order of
10 EeV or higher, point outside the galactic plane [138]. In the galactic magnetic
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ﬁeld, which is of the order of 10−10 T = 10−6 G, a charged particle will point back to
its origin if the gyroradius is larger than the size of the galactic ﬁeld. The gyroradius
of a proton has the expression [132]2
rg ≈ mG
B
E
eV
10−14 pc, (2.8)
and hence the energy E = 1 EeV corresponds to the gyroradius 10 kpc, which is
approximately the length scale of the galactic disk. Therefore it is natural to assume
that at very high energies the extragalactic component of the charged cosmic ray
particle spectrum starts to dominate over the galactic cosmic ray spectrum [138].
The assumption is supported by the observation of the highest energy extragalactic
gamma rays from the close-by blazars Mrk 421 and Mrk 501 [139, 140]. It has been
suggested that gamma rays and neutrinos are produced in pion photoproduction
processes of protons accelerated into ultra-high energies in these sources [131, 141]
and that the high-energy protons from active galaxies would then explain the highest
energy cosmic ray events.
Apart from active galaxies, there are also many other suggestions for the origin
of the highest energy cosmic rays. Since the galactic magnetic ﬁeld and the ion-
ized plasma outside of the galactic plane will trap high-energy particles (except the
highest energy ones) very eﬃciently, cosmic ray particles can gain energy in many
processes during a long time scale. Acceleration of particles can occur in supernova
shock waves, which could explain energies up to about 100 TeV, and with stretching
of parameters maybe even up to 1 PeV (see e.g. [130]). The restricting factors are the
limited size and lifetime of the shock (some thousands of years). It has also been sug-
gested that the termination shocks of stellar wind could reaccelerate particles by an
order of a magnitude [142]. Another hypothesis assumes that there is a termination
shock where ”the galactic wind”, caused by all galactic supernova explosions during
a long time period, will meet the external pressure of the intergalactic medium [143].
The energies here, even though the magnetic ﬁeld strength is lower, could achieve
values ∼ 1 EeV. The only time limitation is the age of the galaxy. Also pointlike
objects with a very fast acceleration process have been suggested as possible sources
of ultra-high energy cosmic rays up to energies 100 PeV [129]. Nevertheless, it is
believed that the highest energy events cannot be explained by any galactic sources,
since the energy in the most plausible models of supernova shock waves is limited
to values of the order of some PeV’s, maybe an order of magnitude more [144].
Also some other than astronomical sources have been suggested for the highest
energy cosmic rays. One possibility considered is collapse or annihilations of topo-
21 G ≈ 10−2 eV2, 1 m ≈ 5× 106 1/eV, 1 pc = 3.086× 1016 m.
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logical defects [145, 146, 147]. It has been speculated that energy is released there
in the form of heavy GUT-scale particles that decay into cascades of very energetic
nucleons, photons and neutrinos. It has been also hypothesized that almost stable
GUT-scale particles, produced either in this way or as thermal relics in the very
early Universe, could produce the highest energy cosmic ray events [148]. The neu-
trino event rate in neutrino telescopes from these exotic sources is estimated to be
in any case negligible compared with that from the active galaxies [149].
If the highest energy cosmic ray events are of an extragalactic origin, the source
should be rather near, not much farther away than some tens of megaparsecs, since
protons with energies above 40 EeV cannot propagate cosmological distances be-
cause of the so-called Greisen-Zatsepin-Kuzmin (GZK) cutoﬀ [150]. The bound
arises due to the interactions of the proton with photons of the cosmic microwave
background:
pγ → ∆+ → π+n, π0 → 2γ, (2.9)
pγ → ∆+ → π0p, π+ → µ+νµ, µ+ → e+νeν¯µ. (2.10)
These so-called pion photoproduction processes have a large cross section due to
the ∆+ resonance (m∆+ = 1232 MeV), and they will gradually decrease the proton
energy below the threshold energy E  40 EeV 3.
Not only protons but also high-energy gamma rays are absorbed, above energies
of ∼ 1 TeV, due to annihilation with infrared photons, cosmic microwave back-
ground and radiowaves [153]. The infrared background spectrum is not yet known
well enough [154, 155] to allow for any precise estimate of the eﬀect, however. Any-
way, there are reasons to believe that the two known extragalactic TeV gamma ray
emitters, Mrk 421 and Mrk 501 [139, 140], are the only ones close enough (around
100 Mpc) their radiation not to be diluted to an undetectable level. Both of these
two blazars are quite faint, but more distant and more powerful sources may suﬀer
from the absorption of the highest energy part of the photon spectrum [156].
To sum up, it is natural to assume that the ultimately highest energy cosmic
rays originate in extragalactic sources. One can take as a plausible astrophysical
explanation that the highest energy cosmic ray events are due to protons accelerated
to energies up to 1020 eV in the cores and jets of active galaxies [131, 141]. If this is
the case the highest energy gamma ray events are due to the pion photoproduction
processes (2.9) in the intense thermal and synchrotron photon ﬁelds of the nearby
blazars Mrk 421 and Mrk 501. In this scenario the high-energy gamma rays are
3Note that the disintegration of nuclei due to both microwave background and infrared pho-
tons [151] disfavours models where the highest energy events are heavy ions like iron nuclei produced
in e.g. so-called starburst galaxies [152].
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expected to be accompanied with high-energy neutrinos produced in processes (2.10)
in the jets of the blazars. The weak points of this explanation are the limited
propagation of ultra-high energy protons due to GZK-cutoﬀ, so that the sources
should be rather close, and the possible problems of acceleration mechanisms of
protons, which will be desribed later in this Chapter.
2.3 Active galaxies
Active galaxies are divided into several classes, but the classiﬁcation is still somewhat
incoherent. There are Seyfert, Fanaroﬀ-Riley and Markarian galaxies and quasars,
BL Lacertae objects (BL Lacs) etc [157]. BL Lacs and some of the quasars are radio-
loud objects, often grouped as ”blazars”, where synchrotron emission originates from
the highly relativistic electrons of jets that are beamed towards us, some of them
showing superluminal motion indicating very relativistic outﬂow of matter along
the jet. Synchrotron radiation dominates the spectrum from the radio frequences to
the infrared part. Blazars are rather rare, only a couple of hundred are known, and
only a few with superluminal motion. Radio-quiet active galaxies are more common,
and most of the Seyfert galaxies (around 1000 known) and quasars (around 5000
known) belong to this class. In radio-quiet objects jets are either faint or we are not
located along or close to the direction of the jet axis. Possible synchrotron radiation
from the active nucleus is absorbed by the gas and dust that hides the nucleus and
radiates the energy thermally.
A uniﬁed model of active galaxies described e.g. in [157] suggests that all the
diﬀerent types of active galactic nuclei (AGN) are driven by a central engine which
is a supermassive black hole with a mass in the range 106 − 1010M [158]. The
infalling matter will form an accretion disk around the horizon of that black hole,
in its equatorial plane [132, 157, 158, 159] (see Fig. 2.3). Viscosity of the infalling
matter will act as a frictional force, heating up the disk which radiates [160]. The
radiation has to be in balance with the gravitational attraction, leading to the so-
called Eddington limit on the luminosity [157]:
LEdd =
4πGMmpc
σT
 1.3× 1031 M
M
W  1012L M
3× 107M , (2.11)
where mp, σT, c, G, M , M and L are the proton mass, the Thompson cross
section, the velocity of light, the gravitational constant, the mass of the black hole,
the mass of the Sun and the luminosity of the Sun, respectively. The accretion rate
is limited by Eddington luminosity, and if assuming that e.g. about 5 % of the
mass is turned into radiation, then for an AGN of L = 1012L one obtains for the
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Figure 2.3: An active galactic nucleus (AGN) with an accretion disk and a pair of
jets. The central engine is a super-massive black hole (∼ (106−1010)M). Particles
are assumed to be accelerated in shocks in the disk or the jets and to interact with
the high density of ambient photons (∼ 1014/cm3), producing high-energy gamma
rays and neutrinos. Figure from ref. [131].
accretion rate [157]
m˙acc =
1012L
0.05c2
 8.44× 1022kg/s  1.35M/year. (2.12)
It looks natural to assume that the accretion to the central black hole is the source
of the high luminosity of AGN.
In the accretion disk a steady shock is assumed to be formed at a distance
of some ten to hundred Schwartzschild radii from the black hole horizon where
the ram pressure of the infalling matter is balanced by radiation pressure of the
plasma [161, 162]. The shock has been suggested to accelerate particles to high
energies and to produce neutrinos that will escape the nucleus [163, 164], whereas
the accelerated protons and gamma rays produced there would be absorbed by gas,
dust and intense radiation [102]4.
Jets are formed of matter ejected along the rotation axis of the black hole. The
structure and formation of the jets is a diﬃcult question and it is theoretically not
well understood yet [157]. Nevertheless, an overall view can be deduced from the ob-
servational data. It has been estimated by assuming the energy density of electrons
to be the same as the magnetic ﬁeld density that the magnetic ﬁeld strength is of
the order of some Gauss [165], and a similar result on the order of magnitude level is
obtained in a more thorough investigation of the ﬁelds [166]. The polarization of the
radiation from the jets indicates that there is an overall magnetic ﬁeld component
4This is why these so-called core models of neutrino production are often called ”hidden”.
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inside the jet along the jet axis [167, 168, 169, 170]. This information was used in
Paper II when studying the magnetic ﬂavour transitions of Majorana neutrinos in
jets and in hot spots. It was assumed that this is the dominant magnetic ﬁeld com-
ponent in and outside the shock front where the acceleration of protons is assumed
to take place [171, 172, 173, 174, 175, 176].
In hot spots a shock is formed in the region where the pressure of intergalac-
tic matter meets the jet and where the particle acceleration and possible neutrino
production takes place [177, 178]. The stationary endpoint shock, as well as the
weakened shocks of the jets, are non-relativistic, but still strong, i.e. the velocity
diﬀerence between the shock and plasma is much larger than the speed of sound. Ac-
cording to diﬀerent estimates [177, 178, 179] the magnetic ﬁeld in the hot spot area
is some fraction of mG. The radius of the spot is in the range O(102 pc)−O(10 kpc)
and it is situated up to megaparsecs away from the galactic center [157]5.
2.4 Fermi acceleration mechanism
The problem of acceleration of high-energy particles, detected as high-energy cosmic
rays, was ﬁrst thoroughly discussed by Fermi in 1949 [180]. The modernized version
of his study can be found in text books, see e.g. [132, 181, 182]. Fermi suggested that
charged particles, when propagating in the galactic magnetic ﬁeld, will be reﬂected
from magnetic mirrors, clouds that are formed of ionized plasma and appear as
irregularities in the galactic magnetic ﬁeld. The collision of a relativistic charged
particle and the cloud will lead to an ”elastic scattering” of the particle in the ﬁeld
of the mirror. Since the plasma cloud is very sparse matter, the particle will not
collide with other particles, but there is only an interaction with the magnetic ﬁeld.
The energy change of the particle in each collision with an inﬁnitely heavy cloud is
∆E/E ∝ ±V/c, where V is the velocity of the mirror. It can be shown [182] that
the energy gain in many collisions is of the order (V/c)2. Hence the mechanism is
very ineﬃcient as V/c ∼ 10−4 and also because of energy losses between collisions.
The mechanism is more eﬃcient, however, if there are two mirrors approaching
each other and particle bouncing back and forth in between the mirrors. In this
case the collisions are always head-on and the energy gain is positive and of the ﬁrst
order,
〈∆E
E
〉 ∼ V
c
, (2.13)
5Sometimes synchrotron emission is originated from small ”blobs” in the jet and they are also
called hot spots, which are not to be mixed with the larger radio lobes we discuss here.
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where V is the velocity of the mirror in the frame of the other mirror. This is called
the ﬁrst order Fermi acceleration mechanism, and it occurs in the vicinity of shock
waves. The irregularities of magnetic ﬁeld behind the shock front, in the downstream
part of the gas that is shocked, as well as ahead of it, in the unshocked upstream part
of it, act now as magnetic mirrors. A detailed study of this acceleration mechanism
is presented in [132, 181, 182, 183].
Perturbations propagate in a medium, e.g. in gas, at the speed of sound typical
to the medium. A shock is formed if a perturbation has a greater velocity. There
will be a discontinuity between the upstream and downstream parts, the upstream
or the unshocked part having no information of the downstream part. The shock
itself is a transition layer propagating through gas or plasma and changing the
state of the medium. The thickness of the shock wave can be determined by the
physical processes that transfer part of the kinetic energy of the upstream plasma
to the internal degrees of freedom of the downstream plasma, e.g. density and
temperature will change. Also the downstream plasma starts to follow the shock
wave with a somewhat lower velocity V than the shock velocity U , V < U (see
e.g. [132]). In the case of ordinary gas, the energy is transferred by collisions of
gas molecules, and the thickness of the shock is of the order of a few collisional
mean free paths. In the case of interstellar plasma the electromagnetic eﬀects play
the role of collisions and the thickness of these so-called collisionless shocks is of
the order of the gyroradius of thermal particles. High-energy particles have energy
and gyroradius large enough for not noticing the electromagnetic turbulence at the
shock layer. They will cross the shock easily and see it only as a discontinuity,
whereas the lower energy thermal particles that have small gyroradii will feel the
shock and interact strongly, leading to the heating of the plasma. This means that
only relativistic particles will be accelerated, which is the weak point of the Fermi
mechanism. The acceleration of thermal particles close to relativistic energies has
to happen by some other mechanism.
On both sides of the shock wave irregularities of the ﬁeld will turn the parti-
cle distribution isotropic in the frame where the thermal plasma is stationary, i.e.
information of the orientation of the high-energy particle momentum will be lost
in random scatterings from the irregularities of the magnetic ﬁeld. Denoting the
average energy of the particle after the double crossing with E = βE0, where E0 is
the energy before the crossing, one will get
β =
E
E0
= 1 + α′
V
c
= 1 + α
U
c
, (2.14)
where α and α′ are constants ∼ 1.
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Particles have a certain probability P to remain in the area of acceleration after
one crossing. Denoting with N0 the number of particles in the region of acceleration
in the beginning, there will be, after k crossings, N = N0P
k particles left with
energy E = E0β
k. Taking a logarithm one obtains
ln(E/E0)
ln(N/N0)
=
lnβ
lnP
, (2.15)
which leads to the following expression for the ratio of particles:
N
N0
=
(
E
E0
)lnP/ lnβ
. (2.16)
Diﬀerentiating this, and assuming that the number of particles depends on the
energy, leads to
N(E)dE ∝ E lnPlnβ −1dE, (2.17)
which is a power-law spectrum of the form (2.7).
On the downstream side both plasma and the isotropic high-energy particle
ensemble are removed from the vicinity of the shock front with the rate nV (n is
the number density of particles), which is also the average escape rate over some
boundary far away from the shock. The ﬂux of particles crossing the shock front in
the other direction is proportional to nc, as the velocity of relativistic particles can be
approximated with the velocity of light. The ratio of these two ﬂuxes is the particle
loss in one cycle, εU/c, where ε is a constant (ε = 1 in the simple model of parallel
non-relativistic shock in ionized plasma). If the shock is assumed nonrelativistic
(U  c) almost all of the particles remain in the region of acceleration and recross
the shock again and again. Therefore the probability for the particles to remain in
the acceleration region is P = 1− ε(U/c). Taking a logarithm one gets
lnP = ln
(
1− εU
c
)
≈ −εU
c
. (2.18)
From (2.14) one has
ln β = ln
(
1 + α′
V
c
)
≈ αU
c
, (2.19)
so that
lnP
ln β
= −γ = − ε
α
. (2.20)
Substituting this into (2.17) one obtains a powerlaw energy spectrum:
N(E)dE ∝ E−adE. (2.21)
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The spectral index a from the observations on the cosmic ray spectrum (2.7) is a =
2.7, whereas a simpliﬁed model where the normal of the non-relativistic shock front
is parallel to the magnetic ﬁeld gives a = 2 [132]. There are a variety [183, 184, 185,
186] of models where the magnetic ﬁeld and the shock normal are not parallel, but
perpendicular or oblique, and which can lead therefore to slightly diﬀerent spectral
indices. These indices match very well with the observations in the case of hot
spots. There are also models where the shock is relativistic [187, 188, 189, 190].
They can be used to describe e.g. particle acceleration in blazar jets. In the case
of a relativistic shock the energy gain per each crossing is higher than for a non-
relativistic shock. The resulting energy spectrum may be ﬂatter than the cosmic ray
spectrum (2.7) with 1 ≤ a ≤ 2.2 [187, 189] or even steeper with 2.2 ≤ a ≤ 3.2 [190].
In the latter case the magnetic ﬁeld is totally disordered in one side of the shock.
As mentioned, a serious shortcoming of the ﬁrst order Fermi acceleration is that
only relativistic particles are accelerated. Thermal particles have small gyroradii and
they will be disturbed by the shock itself and act like the nonrelativistic plasma ﬂow.
This is the so-called problem of injection: how particles are accelerated to energies
high enough for the Fermi acceleration process to start, in particular protons and
ions which have large mass. Nevertheless, the injection process seems to work in
Nature, since it has been observed in the solar system. Namely, the solar wind will,
when hitting the magnetic ﬁeld of the Earth, form a bow shock where particles are
accelerated. It has been also observed that solar ﬂares will accelerate both electrons
and protons, the proton energy varying from some MeV’s up to even GeV’s and
electron spectrum up to even some MeV’s [191, 192].
Many AGN models are based on the assumption that protons are not accelerated
to ultra-high energies but only electrons, which radiate synchrotron radiation ob-
served in radioloud objects. High-energy gamma rays observed from active galaxies
are expected to originate in inverse Compton scattering processes where low-energy
photons scatter from ultra-high energy electrons or positrons, see e.g. [193]. But
electrons lose their energy very rapidly via synchrotron radiation, and it has been
argued that the intense burst of TeV-scale gamma rays detected from Mrk 421 and
Mrk 501 [139, 140] point strongly towards the pion photoproduction (2.9) and pro-
ton acceleration in the source [141, 156, 194, 195, 196]. There are claims of some
indications that protons are not accelerated in jets of blazars [197, 198, 199], but
the argument is disputable [194, 196]. It is believed that the question of proton
acceleration in active galaxies may be ﬁnally solved [131] by the future neutrino
telescopes via the detection of neutrinos created through the processes (2.10).
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Figure 2.4: The production of high-energy photons and neutrinos in an AGN jet.
Electrons and probably also protons are accelerated in blobs (∼ 10−2 pc) that move
along the jet. High-energy neutrinos and gamma rays are produced in interactions
with thermal or synchrotron photons radiated from the accretion disk or from the
jet. Figure from ref. [131].
2.5 A simple model of neutrino production in ac-
tive galaxies
As explained above, neutrinos and high-energy gamma rays are assumed to be pro-
duced in active galaxies via pion photoproduction processes (2.9) and (2.10) of
ultra-high energy protons. A schematic view of the AGN system is presented in
Fig. 2.5. The probability for a proton scattering on another proton or electron
is low in the sparse plasma of AGN jets. Due to the thermal radiation of the hot
plasma in the accretion disk and synchrotron radiation of relativistic electrons, how-
ever, photons are numerously present in the AGN, their number density being of
the order of 1014 cm−3 [131]. To understand the neutrino spectrum and event rates
in neutrino detectors in the order of magnitude level, we will go through a simple
model-independent description of the neutrino production in blazar jets, following
closely the presentation of refs. [102, 165].
Two muon neutrinos and one electron neutrino are produced in pion photopro-
duction (2.9) processes via the decay of a charged pion and the subsequent decay
of the muon. Tau neutrinos ντ are not produced in any substantial amounts in the
source itself (see e.g. [200]). They are produced in the process pγ → τ+τ−p fol-
lowed by the decay of the taus or in the decays of heavy mesons, e.g. D+S → τ+ντ ,
where D+S is produced via photoproduction. These processes are, however, strongly
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suppressed for kinematical reasons due to the large mass of the tau lepton (mτ =
1.777 GeV). The original ﬂavour content of the neutrinos is therefore supposed to
be
N(ντ ) : N(νµ) : N(νe) = 0 : 2 : 1. (2.22)
It is possible that neutrino oscillations, magnetic transitions or neutrino decays
convert electron and muon neutrinos into tau neutrinos during their ﬂight to the
Earth (or, in the case of the magnetic transitions, in the source), as will be discussed
later on.
It can be estimated from the cross sections of the processes (2.10) that the neutral
to charged pion production ratio is 2:1 [102]. Leptons produced in charged pion decay
have roughly 1/4 of original pion energy each, and the pion energy is on average
1/5 of the proton energy, so leptons carry typically about 5% of the original proton
energy. It follows that the three neutrinos produced in each photoproduction process
carry out altogether 1/4 of the energy. The rest of the energy lost in photoproduction
processes (2.9) and (2.10) goes to high-energy electromagnetic cascade. The pair
production pγ → e+e−p will increase the electromagnetic part of the spectrum still
further, and the more accurate calculation gives the ratio 3:13 [102].
The target photon spectrum is assumed to be of the power law form E−1 and the
proton spectrum E−2, which follow from the Fermi acceleration models [174, 175].
Since the number of photons increases towards lower energies, the pion photopro-
duction probability will increase as well. If only a fraction of protons lose energy via
pion photoproduction (i.e. the number density of photons is not extremely high)
the neutrino spectrum will follow the photon spectrum E−1, or
dNν
dEν
= N
[
Eν
Eνmax
]−1
, (2.23)
where Eνmax is the maximum energy of neutrinos. The normalization factor N is
determined by comparing neutrino and gamma ray luminosities:∫ Eνmax
Eν
dNν
dEν
dEν  NE2νmax 
3
13
Lγ , (2.24)
leading to
N = 3
13
Lγ
E2νmax
. (2.25)
The neutrino luminosity depends on the neutrino maximum energy and thereby on
the maximum proton energy. The gamma ray ﬂux from the blazar jet in Mrk 421
varies in one day timescale, so the size of the source can be approximated as
R ∼ Γ∆tc  10−2 pc, (2.26)
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where Γ  10 is the bulk Lorentz factor of the matter in the jet. The magnetic
ﬁeld strength is estimated to be of the order of some Gauss [166]. This can be also
achieved from the approximation of energy density of electrons to be the same as
the magnetic ﬁeld density, as was done in ref. [165]. If one assumes the maximum
gyroradius of protons to be R the maximum energy achieved in the source is
Ep,max = eBRc  (1− 10)× 1019 eV, (2.27)
and the maximum neutrino energy can then be approximated to be about Eν,max 
1 EeV.
The measured value of gamma ray luminosity from Mrk 421 is around 2 ×
10−10 TeV cm−2 s−1 [139, 201], and using (2.23), (2.25) and (2.27) one obtains
for the neutrino spectrum
dNν
dEν
=
3
13
Lγ
Eν max
1
Eν
 5× 10
−17cm−2s−1
Eν
. (2.28)
To obtain an estimate for the number of events in a neutrino telescope we have to
integrate the ﬂux and weight it with the detection probability which depends on
energy. Neutrino-nucleon cross sections in deep inelastic scattering, which is the
process of the detection, have been studied thoroughly e.g. in ref. [149], where also
detection rates for diﬀerent AGN models have been calculated. The muon neutrino
most probably interacts with matter before entering the detector, producing a muon,
which has to have a long enough range Rµ to reach the detector. The eﬀective
detection probability is of the form [165]
Pν→µ  Rµ
λint
 AEnν , (2.29)
where λint is the neutrino interaction length. At energies above O(1 TeV) n = 0.8
and A = 10−6 and E is in TeV units. Above the EeV energies (with [E] = EeV) n =
0.47 and A = 10−2. At energies around 1 PeV the probability is roughly 2.5 · 10−4,
and at around 1 EeV it is already 10−2. This is because at higher energies the
neutrino-nucleon cross section will grow rapidly and the interaction length becomes
correspondingly shorter [149].
The number of events from Mrk 421 according to this simple model would be
0.3 in a year in one cubic kilometer detector. One can estimate, however, the diﬀuse
ﬂux of all blazars [202] to correspond 130 faint Mrk 421 blazars per steradian [165].
Then the diﬀuse ﬂux would be correspondingly
Φν = 130 sr−1
∫ Eν max dNν
dEν
Pν→µ(Eν)dEν  40 km−2year−1sr−1. (2.30)
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This means around 250 neutrinos per year per half coverage of the sky.
A similar order of magnitude estimate can be made for the case where cosmic ray
proton spectrum and neutrino spectrum are assumed to be equal at high energies,
close to the ankle region. The number of neutrino events would then be higher,
but they would be concentrated to the lower energy end of the spectrum, since the
spectrum is then steeper with the index a = 2.7.
It should be emphasized that the results presented above for the neutrino spec-
trum, the ﬂux and the event rates in neutrino telescopes are just order of magnitude
estimates. In the following section, where neutrino detection in neutrino telescopes
will be considered, results of some more profound theoretical models for neutrino
production and neutrino ﬂuxes will be presented.
2.6 Neutrino detection
The detection of the high-energy cosmic ray neutrinos will be done with large scale
neutrino telescopes such as AMANDA [98], ANTARES [99], BAIKAL [100] and
NESTOR [101]. For the study of neutrino properties it would be important to
be able to distinguish diﬀerent neutrino ﬂavours from each other. Muon neutrinos
are in principle easy to detect. They will interact via deep inelastic scattering
νN → µX with the matter outside or inside the detector, and the produced muons
emit Cerenkov radiation, which can be detected with photomultiplier tubes. Muon
tracks will give information of the direction of the original source, resolution being of
the order of one degree [99, 203]. The amount of light detected allows one to estimate
the muon energy, giving a lower limit on the energy of the parent neutrino [99].
The Earth is not transparent to neutrinos at very high energies because of the
increase of the deep inelastic scattering cross section. This starts to shadow the
neutrino ﬂux at energies above 40 TeV [149], and above Eν = 100 TeV only 30%
of the straight upward-going neutrinos penetrate the Earth [204]. But the large
cross section makes it possible to study downgoing or horizontal muon neutrinos
since neutrinos may interact above or close to the detector. In this case one has to
distinguish the high-energy events from the ﬂux of softer muons that are produced
by atmospheric neutrinos and cosmic rays. This is possible in principle, since the
spectrum of atmospheric neutrinos [205]
dNνµ+ν¯µ
dEν
= 7.8 · 10−11
(
Eν
TeV
)−3.6
cm−2s−1sr−1GeV−1, (2.31)
is much steeper than the expected ultra-high energy neutrino spectrum. According
to various models the atmospheric neutrino ﬂux becomes very small compared with
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the AGN neutrino ﬂux at energies around 1-10 TeV, and at above 100 TeV it is
already negligible. The small additional component in the atmospheric neutrino
ﬂux above 1 TeV energies because of charm production [206] becomes negligible as
well.
In the case of electron neutrinos, a high-energy electron produced in the deep
inelastic scattering produces an electromagnetic cascade due to brehmstrahlung.
Brehmstrahlung is not eﬀective in the case of muons as it is proportional to the
inverse mass squared [207]. Hence the electron range in the medium is much shorter
than the muon range and consequently the deep inelastic scattering of electron neu-
trinos has to occur inside the detector in order to create a signal (see e.g. [208]). The
cascades can be detected via Cerenkov radiation of the cascade particles in photo-
multiplier tubes. A part of the radiation is emitted in radio frequences that could
be, according to some proposals (e.g. RICE, Radio Ice Cerenkov Experiment [209]),
received with radio antennas (see also [208, 210]). AMANDA is particularly suitable
for the use of these radio methods because ice is very transparent to radio waves,
the mean free path being of the order of kilometers. Although the photon mean free
path in visible wave lengths in Antarctic ice is surprisingly long, about 40 m [98],
radio waves will beat them with one or two orders of magnitude!
Detecting tau neutrinos in neutrino telescopes constitutes a problem. But there
is an interesting and unique signature for the tau neutrino detection called ”double-
bang” event [200]. In the deep inelastic scattering the tau neutrino will produce both
tau lepton and a particle cascade, the ﬁrst ”bang” of the event. The tau lepton,
having almost the same energy as the parent tau neutrino, will ﬂy in the detector a
path length
Rτ = γcτ, (2.32)
where τ  3 × 10−13 s is the lifetime of the tau lepton in its rest frame [3]. For a
1 PeV neutrino one has R  50−100 m. The decay of tau lepton will again produce
a cascade of particles, the second ”bang”. There is no other known process that
could cause a similar signature.
Another method to detect tau neutrinos is suggested in ref. [204]. As men-
tioned, the Earth starts to become opaque to neutrinos at higher energies than
about 100 TeV. But tau neutrinos that propagate through the Earth will lose only
a part of their energy: the tau lepton, produced in deep inelastic scattering, decays
very quickly and in the ﬁnal state there is always a tau neutrino, τ → ντ +X. After
subsequent scatterings and decays the ﬁnal state tau neutrino energy is reduced so
that in the end it can propagate freely and it enters the detector. This leads to an
excess of neutrino events at around Eν  100 TeV. This is, of course, true only if
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Table 2.1: Upward µ+ + µ− event rates per year arising from νµN and ν¯µN inter-
actions in rock, for a detector with eﬀective area A = 0.1 km2 and muon energy
threshold Eminµ = 1 TeV, 10 TeV and 100 TeV. The rates are shown integrated over
all angles below the horizon. Table from ref. [149].
nadir angular acceptance
Flux Eminµ = 1 TeV E
min
µ = 10 TeV E
min
µ = 100 TeV
ATM [205] 1100 17 0.13
ATM [205] + charm [206] 1100 11 0.21
AGN-SS91 [163] 500 270 85
AGN-M95 (pγ) [176] 31 5.7 1.6
AGN-P96 (pγ) [211] 45 28 13
GRB-WB [212] 12 5.4 1.2
the neutrino spectrum is ﬂat enough, otherwise the enhancement will not be seen
at all.
The estimates for the predicted neutrino event rates in neutrino telescopes ac-
cording to diﬀerent AGN models have been presented in a recent work of Gandhi
et al. [149]. In Table 2.1 the event rates they obtained are given for up-going muon
neutrinos with threshold energies 1 TeV, 10 TeV and 100 TeV for a detector with
0.1 km2 area. One can see that the ﬂux of atmospheric neutrinos is negligible above
100 TeV energies. At higher energies it is necessary to search for down-going muon
events because of the shadowing eﬀect of the Earth. The number of down-going
muon neutrino induced events in a cubic kilometer sized detector are presented
in Table 2.2. The models of Mannheim (AGN-M95) [176] and Protheroe (AGN-
P96) [211] concern neutrino production in jets, whereas the model of Stecker et
al. (AGN-SS91) [163] estimate neutrino ﬂux from both blazars (jets) and quasars
(radio-quiet central engines). The rates are quite encouraging, especially in those
cases where radio-quiet AGN also contribute to the spectrum [163]. In contrast, the
ﬂuxes from gamma ray bursts (GRB) are predicted to be quite small. In Tables 2.1
and 2.2 are quoted the GRB event rates as recently estimated by Waxmann and
Bahcall [212].
It might be that the neutrino luminosity is actually much higher than quoted
above. The estimates are namely based on the observed ﬂux of electromagnetic
radiation, which, however, gives just a conservative estimate of the neutrino ﬂux
because the photon ﬂux could have been suppressed as a result of their possible
interaction with matter and radiation background between us and the source [131,
153, 154].
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Table 2.2: Downward µ++µ− events per year arising from νµN and ν¯µN interactions
in 1 km3 of water. Table from ref. [149].
Muon-energy threshold, Eminµ
Flux 100 TeV 1 PeV 3 PeV
ATM [205] 0.85 0.0054 0.00047
ATM [205] + charm [206] 2.6 0.050 0.0076
AGN-SS91 [163] 520 120 42
AGN-M95 (pγ) [176] 16 11 8.7
AGN-P96 (pγ) [211] 100 50 31
GRB-WB [212] 7.7 1.9 0.93
2.7 AGN and neutrino phenomenology
Detection of ultra high-energy neutrinos in neutrino telescopes would be a strong
observational support for the proton acceleration in active galaxies, but it will also
give us much new information about neutrino properties. When statistics accumu-
lates, possible deviations from the ﬂavour ratio of the initial neutrino ﬂux (2.22)
N(ντ ) : N(νµ) : N(νe) = 0 : 2 : 1, based on neutrino production in the pion pho-
toproduction processes (2.9) and (2.10), will become observable. This will oﬀer an
opportunity to test and derive constraints on e.g. oscillations, neutrino decays and
magnetic moments. The appearance of neutrinos from distant sources will also set
limits on the possible exotic interaction forms of high-energy neutrinos with cosmic
background neutrinos. Some of the phenomena proposed to be tested with the AGN
neutrinos are more robust than the others. For example, oscillations and decays of
neutrinos would appear irrespective of the nature of the neutrino source, whereas
tests of magnetic moments are more dependent on the details of the geometry, the
size and the strength of the magnetic ﬁeld in the source.
In Paper I it is studied how the AGN neutrino detection could be used to set
constraints on possible non-standard neutrino-neutrino interactions (”secret” in-
teractions). High-energy neutrinos may interact with low energy cosmic neutrino
background while propagating the long distance from the source to the detector.
Weak interactions of neutrinos with the neutrino background are negligible until
the center of momentum energy is close to the Z0 pole [213]. If the energy Eν of an
ultra-high energy neutrino is of the order of
Eν =
M2Z
2ECNB
, (2.33)
its mean free path would still be of the order of the Hubble radius [213]. The question
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is more relevant in the case where neutrino hot dark matter is clustered around our
own galaxy and neutrino mass is of the order of some electronvolts. It has been
suggested that neutrinos with energies 1021 eV or higher would produce cascades
of high-energy particles in the galactic halo and thereby explain the highest energy
cosmic ray events [214, 215].
The test suggested in Paper I is based on the assumption that cosmic background
neutrinos are uniformly distributed in the Universe and that they are still relativistic,
i.e. their masses are much smaller than their temperature TCNB = 1.9 K  1.6 ×
10−4 eV. If we assume a typical representative value of energy of AGN neutrinos to
be E = 1 PeV, then the center of mass energy of neutrinos would be
s  2ETCNB  3× 1011 eV2. (2.34)
If neutrinos are are nonrelativistic (mν  TCNB), however, then the temperature
TCNB has to be replaced with the neutrino mass, and in the case of a heavy mediator
(M2X  s = 2Emν) the total cross section σ ∼ g4s/M4X of the AGN neutrino secret
interactions with the neutrino background is increased and the limit is therefore
improved. In the case of a light mediator (M2X  s = 2Emν) the cross section is
smaller. For neutrino massmν  1 eV the change of limits is one order of magnitude.
As discussed earlier in this Chapter, tau neutrinos are initially produced only in
negligible amounts in the sources. Therefore a tau neutrino component in the ob-
served ﬂux would be a clear signature of something that happens to neutrinos during
their ﬂight from the source to the Earth or in the source itself. Even in the case of a
limited neutrino ﬂux a few highly energetic tau neutrino events would indicate neu-
trino oscillations or some other phenomena that change the ﬂavour content of the
ﬂux. As the distance to the source is very large, hundreds of megaparsecs, it will be
possible to test oscillatory solutions with very small mass diﬀerences, as low values
as δm2 >∼ 10−16 eV2. According to the results of the refs. [200, 204] the ambiguity of
atmospheric muon neutrino oscillations, i.e. whether νµ oscillates with ντ or a ster-
ile neutrino [1], may become solved on the grounds of the AGN neutrino ﬂuxes. If
the muon neutrino oscillation with the tau neutrino explains the SuperKamiokande
result [1], then the maximal mixing (sin2 2θ >∼ 0.85) would change the ratio of neu-
trino ﬂavours in the ﬂux from its initial value N(ντ ) : N(νµ) : N(νe) = 0 : 2 : 1
into N(ντ ) : N(νµ) : N(νe)  1 : 1 : 1, providing all other possible eﬀects are
neglected. In contrast, if the solution to the atmospheric neutrino problem is a
mixing between the muon neutrino and a sterile neutrino, the ratio would appear as
N(ντ ) : N(νµ) : N(νe)  0 : 1 : 1. Further, if the solar neutrino deﬁcit is explained
in terms of a maximal mixing of the electron neutrino and the tau neutrino, then
the ratio would be N(ντ ) : N(νµ) : N(νe) = 1 : 2 : 1. Maximal mixing between all
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families with large enough mass diﬀerences would result in an equal number of each
neutrino species.
Apart from oscillations, there are also other eﬀects that could change the ﬂavour
ratios of the AGN neutrino ﬂux. One of the most exotic suggestions presented in
the literature is the violation of equivalence principle, i.e. neutrino couplings to the
gravitational ﬁeld would not depend on the neutrino mass only [216] but also on
neutrino ﬂavour. This would lead to neutrino oscillations in the high gravitational
ﬁeld of the AGN core, since the ﬂavour eigenstates and the eigenstates of the equiv-
alence principle breaking gravitational interactions were not the same6. Because
the magnetic ﬁeld is very large in the vicinity of the black hole horizon, also mag-
netic transitions due to the transition magnetic moments of neutrinos may change
the neutrino ﬂavour [216] or strengthen the transition caused by the equivalence
principle breaking.
The neutrino magnetic transitions in large hot spots and in jets have been studied
in Paper II. Based on the observational data of synchrotron radiation polarization
in blazar jets [167, 168, 169, 170] it is assumed that there exists an overall magnetic
ﬁeld component along the jet axis. The ﬁeld strength is estimated to be of the
order of 1 G [165, 166] and in hot spots it is approximated to be of the order
0.1 mG [177, 178, 179]. Also the neutrino ﬂux originating in the accretion disk may
change due to magnetic transitions [220]. The ﬁeld in the accretion disk might be
very large, but the problem is that the geometrical dimensions of the ﬁeld are much
smaller than those of the jets and hot spots. Therefore the ensuing limits to the
transition magnetic moments might be actually somewhat smaller than quoted in
Paper II.
As discussed in the Section 1.3 of the previous Chapter, magnetic transitions
may take place in the magnetic ﬁelds if the nondiagonal terms in the Schro¨dinger-
type equation (1.49) are larger than the diagonal ones. In the limit of small mixing
this is true if
µνB⊥ > δm2ν/(2Eν). (2.35)
Here B⊥ is the ﬁeld component perpendicular to the neutrino propagation. There-
fore magnetic transitions are not allowed if the mass diﬀerence δm2ν is too large
compared with the neutrino energy Eν . In the case of AGN neutrinos, the r.h.s.
of Eq. (2.35) is naturally very small because of very high-neutrino energies, and
thereby AGN neutrinos oﬀer a test bench for magnetic transitions. The transitions
6The violation of equivalence principle has been studied in connection with e.g. solar neutrino
problem [217], atmospheric neutrino anomaly [218] and in the laboratory [219].
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occur if the particle propagates a long enough path in the ﬁeld (µν
∫
B⊥dr ∼ 1) and
if
µν
µB
>
δm2ν
2B⊥EνµB
 8.3× 10−8δm2ν
PeV
Eν
G
B⊥
, (2.36)
where µB  3 × 10−7/eV and 1 G 2 × 10−2 eV2. The mass diﬀerence δm2ν 
10−3 eV2 acquired by the oscillatory solution of the atmospheric neutrino anomaly
is, however, probably too large to favour these magnetic transitions. Furthermore,
the νµ ↔ ντ oscillations with a maximal mixing would in any case wash out the
signal of magnetic transitions between muon and tau neutrinos, equalizing the ratio
of these two ﬂavours in the neutrino ﬂux. If the atmospheric neutrino anomaly is
explained in terms of the mixing between muon and sterile neutrinos, however, then
the magnetic transition may be observable resulting in a change of the tau neutrino
ﬂux. If the condition (2.36) is fulﬁlled, then one may estimate the squared mass
diﬀerence δm2 by determining the threshold energy of the signal, provided one has
information on the magnetic ﬁeld B⊥.
Nevertheless, if no tau neutrinos are observed from AGN, one would know that
muon and electron neutrinos do not mix with the tau neutrino, and so the oscillation
of νµ with a sterile neutrino would be the solution to the atmospheric neutrino
anomaly. Added to that, the transition magnetic moments between neutrinos with
a small mass diﬀerence (2.35) would be smaller than (10−15 − 10−14)µB, as shown
in Paper II.
In Paper III it is pointed out that AGN neutrinos provide a suitable way to test
also the instability of neutrinos. It is shown that the long baseline, large energy
of neutrinos and knowledge of the initial ﬂavour content of the neutrino ﬂux would
allow one to derive constraints on the decays ν → ν ′φ, where φ is a light or massless
scalar particle. This kind of decays are possible, for example, in majoron models,
such as the model of Chigashike, Mohapatra and Peccei [12]. Neutrinos are produced
in the source as interaction eigenstates which are superpositions of mass states.
Let us assume, for example, that the electron neutrino and the tau neutrino mix,
forming two mass eigenstates |ν1〉 and |ν2〉, so that |νe〉 = cos θ|ν1〉 + sin θ|ν2〉 and
|ντ 〉 = − sin θ|ν1〉+cos θ|ν2〉. If mν2 > mν1 allowing for the decay ν2 → ν1φ, then the
originally produced νe will enter the detector, providing the decay is fast enough,
as the mass state |ν1〉 = cos θ|νe〉 − sin θ|ντ 〉. That is, the observed ﬂux would
consist a ντ component in addition to a νe component. In the case of maximal
mixing between νe and ντ the signature of the decay would disappear. But if for
example the muon neutrino has small mixing with the other neutrinos (but large
with the sterile one), then the signature of the muon neutrino decay would be clear.
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These simple cases leave open the possibility to test also the coupling of the scalar
with neutrinos. The gij ν¯iνjφ couplings would be constrained with several orders of
magnitude better than in the laboratory experiments, particularly in neutrinoless
double beta decay [25, 26], or in other astrophysical observations, see e.g. [39].
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Chapter 3
Neutrino cosmology
One may consider the article of Alpher et al. [221] in 1953 as the starting point of
neutrino cosmology. It was argued in this paper that neutrinos would be in thermal
equilibrium in the early Universe at the temperature above some MeV, and after
their decoupling from the equilibrium they would form a sea of non-interacting gas
with temperature by a factor of (4/11)1/3 smaller than that of photons. Since this
inaugural work it has been realized that neutrinos may play an important role in
cosmology with respect to primordial nucleosynthesis and structure formation, and
that they may also be responsible in part of the dark matter of the Universe.
One can derive many constraints from cosmology on the properties of neutrinos
(for a review, see [222]). The most well-known is perhaps the upper bound on the
sum of the masses of light stable neutrinos [222, 223, 224],
Ωνh
2 =
∑
imνi
92 eV
, (3.1)
obtained from the condition that neutrinos do not close the Universe. In Eq. (3.1)
h is the normalized Hubble rate (h = H/100 kms−1Mpc−1, where the Hubble rate
H is deﬁned below), and Ων = ρν/ρcrit is the fraction neutrinos carry of the total
energy density of the Universe normalized to the critical energy density ρcrit =
10.5h2 keV/cm3. According to a recent analysis the value for the Hubble rate is
h = 0.65± 0.15 [225]. If one of the neutrino masses is close to this limit then that
heavy neutrino would form a substantial part of the dark matter. Only a tiny fraction
of the critical density of the Universe is luminous matter, Ωlum  0.004h−1 [226,
227], whereas the matter known to be present through its gravitational and other
dynamical eﬀects corresponds to ΩM  0.2−0.5 [226]. Hence, most of the matter in
the Universe is ”dark”, i.e. it is not seen through emission or absorption of any type
of electromagnetic radiation. Neutrinos are not supposed to solve the dark matter
problem alone because such a scenario would have problems with structure formation
and with the observations on rotation curves of the so-called dwarf galaxies [222].
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The number of light neutrino species that couple to the Z0 boson is limited by
LEP experiments [3] to Nν = 2.994 ± 0.012. There is a constraint on Nν from
cosmology, too, as relativistic degrees of freedom inﬂuence the expansion rate of the
Universe and thereby the primordial 4He abundance, as noted for the ﬁrst time by
Hoyle and Taylor in 1964 [228]. This constraint is usually presented as an upper
bound on Nν , but the relevant quantity is actually the energy density, to which
contribute not only the particles that are in thermal equilibrium but all particles
present in the primordial plasma.
Compared with some earlier results (see e.g. refs. [229]), the strictest one of
them even ruling out the third neutrino species [230] (Nν ≤ 2.6), the cosmological
bound on the number of relativistic degrees of freedom seems at present less restric-
tive, as will be discussed below. This is because of uncertainties in the primordial
abundancies of the light elements and the baryon content of the Universe (see e.g.
refs. [231, 232]). Apart from the SM particles, the bound on Nν concerns also the
abundancies of possible wrong-helicity neutrinos (”right-handed neutrinos”), sterile
neutrinos and other unknown particle species beyond the SM.
In Paper IV of this thesis the constraints that follow for Dirac neutrinos from this
kind of considerations have been analysed. A Dirac neutrino consists of an active
left-handed component and a sterile right-handed component, and it was studied
to what extend the sterile component will come into thermal equilibrium and what
role do the Z-pole eﬀects play in this.
3.1 Thermodynamics of the early Universe
The Hubble expansion rate in the approximately ﬂat Universe is of the form [222]
H ≡ R˙
R
=
√
8π
3
Gρ =
√
8πρ
3M2Pl
, (3.2)
where the energy density of the Universe is the sum of energy densities of diﬀerent
relativistic particle species, ρ = Σρi,MPl  1.22×1019 GeV is the Planck mass, and
R and R˙ are the scale parameter and its time derivative, respectively. Relativistic
particle species that interact with each other at least via elastic collisions are in
kinetic equilibrium. The distribution of fermions obeys Fermi-Dirac and that of
bosons Bose-Einstein statistics,
f(#p) =
1
e(E−µ)/T ± 1 , (3.3)
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where the plus-sign refers to fermions and minus-sign to bosons. The energy density
of one relativistic particle species in kinetic equilibrium is given by
ρ =
g
(2π)3
∫
d3pE f(p) =
{
π2
30
gT 4 for bosons
7
8
π2
30
gT 4 for fermions
. (3.4)
In (3.4) it has been approximated that the chemical potential µ is negligible
(µ  〈E〉), which is in accord with the usual assumption that there were no large
asymmetries between particles and antiparticles in the early Universe. Only rela-
tivistic particle species inﬂuence the expansion rate (3.2), since the energy density
of non-relativistic particles is suppressed by an exponential factor:
ρ  gm
(
mT
2π
)3/2
exp
(
−m− µ
T
)
. (3.5)
Particles decouple from the thermal equilibrium roughly when the thermally
averaged reaction rates 〈Γ〉 of the interaction keeping particles in equilibrium become
smaller than the Hubble expansion rate (3.2), i.e.
〈Γ〉 = 〈σ|v|〉n < H, (3.6)
where the cross section σ has to be averaged over the diﬀerent momenta of initial
and ﬁnal state particles, |v| is the relative velocity [233], and the number density n
is
n =
g
(2π)3
∫
d3p f(p). (3.7)
The weak interaction rate of the reaction e+e− ↔ νeν¯e in the plasma can be esti-
mated as [234]
σ ∼ G2Fs, 〈σ|v|〉n ∼ G2FT 5. (3.8)
Zel’dovich compared the rate (3.8) with the expansion rate (3.2) and obtained for
the decoupling temperature of neutrinos [235] Tν,dec ∼ 2 MeV, which is close to
the results of more accurate evaluations, which give [236, 237] Tνe,dec = 2.3 MeV
and Tνµ,τ ,dec = 3.5 MeV, where the diﬀerence in decoupling temperature between
electron and other neutrinos is due to extra charged current processes in reactions
like νe− → νe−, increasing the electron neutrino production rates a little. The
number of eﬀective degrees of freedom, g, appearing in Eq. (3.7) has the value
g = 10 3
4
, where the relativistic particle species are photons (gγ = 2), electrons and
positrons (ge =
7
8
× 4) and three neutrinos and their antineutrinos (gν = 78 × 3× 2).
Wrong-helicity neutrinos are not assumed to be present.
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Neutrinos like possible other particles that have frozen out of equilibrium form
an isolated ensemble that is connected with the other particle species of the Universe
by gravity only. The number density of the decoupled particles will be redshifted
the same way as the photon number density of the cosmic microwave background
(CMB). The decoupled particles may have a diﬀerent temperature than photons
because of e.g. annihilations that have happened and heated the photon ensemble
after their decoupling. Since the expansion of the Universe is assumed to be adi-
abatic, the entropy density (entropy in comoving volume) remains constant. The
entropy of one relativistic particle species, for µ T , can be written as
s =
ρ+ p
T
=
{
2π2
45
gT 3 for bosons
7π2
180
gT 3 for fermions
, (3.9)
where the pressure is
p =
g
(2π)3
∫
d3k
|k|2
3E
f(k) = ρ/3. (3.10)
Therefore the entropy density of relativistic particle species can be written as
s =
2π2
45
g∗s(T )T 3,
g∗s(T ) =
∑
i=bosons
gi
(
Ti
T
)3
+
7
8
∑
i=fermions
gi
(
Ti
T
)3
. (3.11)
where g∗s(T ) is the eﬀective number of degrees of freedom (connected here with
the entropy density). All particle species, the decoupled ones and the ones that
are in equilibrium will contribute to the total entropy density of the Universe.
The entropy density of the ensemble of photons, electrons and positrons before the
e+e− annihilation (Tann ∼ me/3) is deﬁned by the number of degrees of freedom,
g∗s(T>) = 2+4× 78 . After all positrons are annihilated there remains essentially only
photons and thus g∗s(T<) = 2. Equating the entropy densities before and after the
annihilation one obtains for the neutrino temperature the above mentioned value,
Tν = (4/11)
1/3Tγ . Since the cosmic microwave background temperature is [238]
TCMB = 2.728± 0.002 K, (3.12)
the cosmic neutrino background (CNB) temperature is TCNB = 1.947 K today and
the number density for one neutrino species is n(ν)  112 cm−3. Note that this
result is valid also for neutrinos that are not relativistic at present if they were
relativistic at the time of their decoupling.
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3.2 The Boltzmann equation
The comparison of the expansion rate of the Universe with the interaction rate of
particles (3.6) gives a rough check of whether particles are in thermal equilibrium
or not. All particle species, also those frozen out of the thermal equilibrium, will
inﬂuence the energy density of the Universe given by
ρ = Σρi =
π2
30
g∗ρ(T )T 4,
g∗ρ(T ) =
∑
i=bosons
gi
(
Ti
T
)4
+
7
8
∑
i=fermions
gi
(
Ti
T
)4
. (3.13)
Here g∗ρ(T ) is the number of eﬀective degrees of freedom, dependent on temperatures
of diﬀerent particles species, both those in equilibrium and those out of equilibrium.
Since the energy density deﬁnes the expansion rate (3.2) of the Universe, extra
relativistic particle species, no matter how they are produced, accelerate the expan-
sion, which in turn enhances the synthesis of 4He. This makes the nucleosynthesis
an important probe of the possible extra relativistic degrees of freedom, as will be
discussed below.
An accurate treatment of the evolution of the particle number densities is given
by the Boltzmann equation, which is needed, for example, when the distribution
f(#p) of particles is not thermal or in the presence of processes like out-of-equilibrium
particle decays. The freeze-out of particles from the equilibrium described above is
approximative, too, as the process is not abrupt, and hence the actual behaviour of
the ensemble can be found only by solving the relevant Boltzmann equation. An
illustrative presentation of the Boltzmann equation in the environment of the early
Universe can be found in refs. [222, 239, 240].
In the ﬂat homogeneous and isotropic Universe the Boltzmann equation can be
written to the form (
E
∂
∂t
−HE#p · ∂
∂#p
)
f(p, t) = C(p, t), (3.14)
where the collision term C(p, t) includes both destruction and creation of particles
(see, e.g. [239]). Using the deﬁnition of the number density (3.7) the equation (3.14)
can be written in the form [222, 240]
n˙ + 3Hn =
1
(2π)3
∫
d3p
E
C[f ]. (3.15)
The contribution of elastic collisions to the collision term C disappear in the
kinetic equilibrium, since elastic scatterings do not change particle number densi-
ties. Inelastic collisions do change the number densities of the particle species. For
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example, the thermal average of the reaction rates of the process a + 2 ↔ 3 + 4 is
of the form [240] (this can be easily generalized to other processes than 2→ 2)
g
(2π)3
∫
C[f ]
d3pa
Ea
= −
∫
dΠadΠ2dΠ3dΠ4(2π)
4δ4(pa + p2 − p3 − p4)×
×
(
|Ma+2→3+4|2 faf2(1− f3)(1− f4)− |M3+4→a+2|2 f3f4(1− fa)(1− f2)
)
, (3.16)
where M’s are Lorentz invariant matrix elements of the indicated processes, f ’s
denote the phase space densities of diﬀerent particle species, and
dΠi =
gi
(2π)3
d3pi
2Ei
. (3.17)
The average over the particle momenta is weighted by particle distributions f of the
initial state particles and by the Pauli blocking factors (1−f) (in the case of bosons
this is replaced by (1 + f)) for the ﬁnal state particles. It is straightforward to see
that the collision term (3.16) vanishes in thermal equilibrium. In contrast, when the
particle species a is out of equilibrium, the distribution fa is not necessarily kinetic,
and the right-hand side of Eq. (3.16) does not vanish.
One can study the decoupling and out-of-equilibrium processes accurately by
using the Boltzmann equation with diﬀerent initial values for fa. In this thesis
in Paper IV the equilibration of the wrong-helicity component (equal to the inert
right-handed chiral state in the limit of vanishing mass) of the tau neutrinos was
studied. The diﬀerent reaction and decay rates that contribute to the production
of wrong-helicity neutrinos were summed to give the total thermally averaged pro-
duction rate (3.16). It was found that if a Dirac neutrino has a mass of the order of
10 keV it will come into thermal equilibrium at around temperature of T = 10 GeV
because the production rates of the wrong-helicity states increase close to the weak
interaction boson mass pole. This increases by a small amount the energy density
of the Universe during the nucleosynthesis time.
3.3 Primordial synthesis of light elements
At the temperature of some MeV’s (t ∼ 0.01 s) the Universe was ﬁlled with a rela-
tivistic gas of photons, electrons, positrons and neutrinos, all in thermal equilibrium.
Weak interactions were strong enough to keep neutrinos in equilibrium via neutral
(and for electron neutrinos charged) current reactions like
e+ + e− ↔ ναν¯α, eνα ↔ eνα, (α = e, µ, τ). (3.18)
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Charged current interactions kept up the chemical equilibrium between non-
relativistic neutrons and protons,
p+ e− ↔ n+ νe, n+ e+ ↔ p+ ν¯e, n↔ p+ e− + ν¯e, (3.19)
so that the ratio of their number densities was
Nn
Np
=
(
mn
mp
)3/2
exp(−∆m/T ). (3.20)
where ∆m = mn−mp  1.293 MeV. Since baryons were nonrelativistic their number
density was very low compared with that of relativistic particles. Muon and tau
neutrinos decoupled at temperature T = 3.5 MeV, and electron neutrinos a little
bit later, at T = 2.3 MeV, because of their additional charged current interactions
with electrons [236, 237]. Weak interaction rates of the processes (3.19) became
slow compared with the expansion rate (3.2) at temperature T = 0.7 MeV and
the ratio (3.20) was frozen out to value Nn/Np  1/6. Nucleosynthesis, however,
was delayed untill T  0.1 MeV (t = 100 s) due to the low binding energy of the
deuterium, causing some of the neutrons to decay 1 into protons thereby decreasing
the ratio (3.20) to Nn/Np  1/7. At this stage the nucleosynthesis started, forming
deuterium and tritium which subsequently formed via diﬀerent reactions helium
isotopes 3He and 4He. All neutrons that were left were very quickly bound into
stable nuclei, in the ﬁrst approximation to 4He. The resulting primordial ratio of
helium to hydrogen was [241]
X4 ≡ N4He
N1H
=
Nn/2
Np −Nn 
1
12
, (3.21)
leading to the mass ratio of helium to the total matter content of the Universe
Y4 ≡ 4X4
1 + 4X4
 0.25. (3.22)
Since there are no stable nuclei with A = 5 and A = 8, only very small amounts of
stable 7Li and 6Li and unstable 7Be were produced and even less the heavier nuclei.
The 4He abundance is sensitive to changes in the expansion rate (3.2). If the
expansion rate increases, the decoupling temperature of the neutron-to-proton ra-
tio (3.20) increases as well, leading to a larger production of neutrons and conse-
quently to a higher abundance of 4He. The possible extra energy density ρextra is
1The neutron mean lifetime is critical here, it is measured to be 886.7± 1.9 s [3]. During the
last ten years there has been measurements that diﬀer even more than 10 s from the given mean
value.
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often normalized to the energy density ρν of one neutrino species: ρextra/ρν = ∆Nν .
The corresponding increase of the mass fraction Y4 (3.22) would then be approxi-
mately [242] 0.012∆Nν . The mass fraction Y4 depends logarithmically on the nu-
cleon density [242], and it is usually expressed using the dimensionless parameter η
deﬁned as
η =
nN
nγ
, (3.23)
where nN and nγ are the number densities of nucleons and photons, respectively.
Hence, in order to derive a constraint on the energy density, or equivalently on
the number of relativistic particle species, one should know the primordial abun-
dancies of 4He and the other light elements D, 3He and 7Li in the Universe, which
determine the value of η. But chemical evolution of stars and galaxies makes the
determination of the abundancies of those other elements somewhat fragile (see e.g.
refs. [231, 242, 243, 244, 245]), so that there still remains some uncertainty in the
ensuing bounds on η. The predicted abundancies of 4He, deuterium and 7Li as a
function of η compared to the abundancies determined from the observational data
are represented in Fig. 3.1 (taken from ref. [246]). Note that the η-parameter is in the
range 10−10 < η < 10−9. The allowed region [231], however, is 3×10−11 < η < 10−8.
The lower limit comes from the amount of visible matter in the Universe and the
upper limit from the total mass density.
The primordial 4He abundance Y4 = 0.243±0.003 [247] is estimated from metal-
poor ionized hydrogen clouds in the so-called blue compact galaxies, where the 4He
content is measured as a function of nitrogen and oxygen content, and the primordial
helium abundance at zero nitrogen and oxygen values is obtained from that by
extrapolation. Smaller 4He values (not marked in the Fig. 3.1) have been determined
previously from a diﬀerent data set, Y4 = 0.234±0.002±0.005 [248]. The deuterium
abundance is determined from the absorption lines of low metallicity high redshift
systems that are between us and more distant quasars. There is in the data the
ambiguity that both high deuterium values [249, 250] (QAS1) and low values [251]
(QAS2) are observed2. The determination of the abundance of deuterium from
the interstellar matter (ISM) leads to somewhat lower values than the low quasar
observations [252]. Deuterium is destroyed in stars and in galactic evolution [245],
but the two discrepant values diﬀering by about an order of a magnitude means that
the issue is not settled, yet, and the conclusions drawn from the data depends on
what value for the D abundance is used. In ref. [246] the lowest observed deuterium
2Note, however, that the high D values of ref. [249] are often considered less reliable than the
more recent measurements of ref. [250].
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Figure 3.1: Predicted light element abundances versus η, with 95% C.L. limits
determined by Monte Carlo [246]. The rectangles indicate the various observational
determinations of abundances. Figure from ref. [246].
values were used as a lower limit for the deuterium abundance, and the highest
values as an upper limit.
The abundance of 7Li is determined from old dwarf stars of the galactic halo
as a function of metallicity [253]. But 7Li is not observed from some dwarfs and
therefore it has been suggested that lithium might be depleted in stellar evolution,
leading to an upper limit for its primordial abundance [254, 255]. The abundance of
3He is omitted in Fig. 3.1 since 3He is both destroyed and produced in stars [245],
making upper and lower limits of the abundance unreliable.
The nucleosynthesis bound on ∆Nν is less stringent in the case of a low η and a
high 4He abundance than in the opposite case of a high η and a low 4He abundance.
It has been argued that in the latter case it is possible to constrain the number of
neutrino families to be less than three [230], Nν = 2.1±0.3. This analysis, however,
is based partly on the determination of η from the possibly unreliable [245] 3He
abundance. The limit led to speculations of a heavy decaying tau neutrino as an
explanation for the low value of Nν [256]. The case of the high
4He and low η allows
much higher for ∆Nν . According to ref. [257] ∆Nν
<∼ 3.0, i.e. there could be as many
as 6 relativistic neutrinos in thermal equilibrium. This represents the most extreme
value, but according to many studies at least one more relativistic particle species is
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allowed, maybe even two [246, 258, 259, 260]. In a recent analysis [261] a stringent
bound of Nν < 3.2 was suggested. But in this result the lower deuterium abundance
value was used to set a limit for η and the high 4He abundance value was used to set
a limit to the number of neutrino families. A diﬀerent bound would result if the high
value for the deuterium abundance was used. To summarize, the nucleosynthesis
provides a useful constraint on the number of relativistic particle species in the early
Universe, relevant for various beyond-the-SM scenarios, but that the actual value of
this bound is still under discussion.
The cosmological constraint on Nν can be used to derive an upper limit for
the mass of Dirac neutrinos. This is based on the fact that the ”wrong” helicity
states (predominantly right-handed neutrinos) are produced in the ordinary weak
interactions and they will contribute to the energy density of the Universe. The
production probability is suppressed by a factor of (mν/Eν)
2, so that the transition
rate is Γ = m2νG
2
FT
3. As long as Γ > H , the wrong-helicity states are in thermal
equilibrium with the plasma, but they can be produced also in out-of-equilibrium
processes like pion decays [262].
The objective of Paper IV was to restudy the abundance of wrong-helicity Dirac
neutrinos paying attention to the enhancement of weak interaction rates near the
pole of the weak boson propagators, i.e. at the temperature of T = 10− 20 GeV. It
was shown that neutrinos with masses of the order of 10 keV would be thermalized
and they would inﬂuence the number of neutrino families with an excess of ∆Nν 
0.06 at the time of the n/p-ratio (3.20) decoupling. If the possible beyond-the-SM
interactions thermalized the wrong-helicity neutrinos at higher temperatures, their
eﬀect would be washed out by thermalization due to weak interactions near the pole.
The energy density may be aﬀected also due to some other neutrino processes
than the production of the wrong-helicity Dirac neutrinos. Sterile neutrinos that
lack the SM interactions might appear in the primordial plasma as a result of vacuum
or matter neutrino oscillations provided that the oscillation is fast enough compared
with the time scale of expansion. If the abundance of 4He was known better, this
would yield the constraints on oscillation parameters δm2 and sin2 2θ [38]. Oscilla-
tions of active and sterile neutrinos may also lead to neutrino (lepton) asymmetry
(|nνe−nν¯e | = 0) which would inﬂuence straighforwardly the reactions (3.19), leading
to a diﬀerent value of the ratio n/p and thereby also to a diﬀerent abundance of
4He. In fact, it can suppress the value of 4He to be lower than the number of light
neutrinos Nν suggests [263].
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3.4 Recent developments
The most recent theoretical developments in the neutrino cosmology are related
to the detailed study of the cosmic microwave background radiation (CMB). The
large scale structure of the Universe, galaxies, clusters and superclusters, have
grown through gravitational instability [222, 264] from primordial density perturba-
tions [265, 266]. The temperature ﬂuctuations in the CMB spectrum, induced by
these perturbations, have been detected by the COBE satellite [267]. The COBE
observations and galaxy surveys [268] have been used to parametrize the power spec-
trum of the primordial ﬂuctuations (see e.g. [226]). The observed spectrum can be
compared with the theoretical models of structure formation with diﬀerent matter
contents of the Universe.
Neutrinos may have had an important role during the time of structure forma-
tion. Relativistic massive particles, if numerous, would smoothen small scale density
perturbations, even wash them out, and produce themselves only large scale struc-
tures of the order of tens of megaparsecs [222]. In this scenario galaxies should have
formed later, at redshifts z < 1 [269], which is not consistent with the observations
of much more distant galaxies. This is why neutrinos alone cannot solve the dark
matter problem3 of the Universe. The stucture formation supports the existence
of cold dark matter (CDM) [270], e.g. hypothetical heavy particles (like WIMPS)
that would be non-relativistic during the time of structure formation and therefore
remain in smaller scale perturbation areas, causing smaller scale structure forma-
tion which was consistent with the galaxy surveys [268]. But the power spectrum
describing the density ﬂuctuations in the early Universe (see e.g. [242]), normalized
with the COBE results [267], predicts too much structure on small-scales if there is
only CDM. Therefore the most favoured has been until recently the so-called mixed
dark matter (MDM) model, where 20 % of the missing mass is hot dark matter
and 80 % cold dark matter [271]. In the MDM scenario neutrino masses are also
loosely constrained, the sum of the neutrino masses (or the mass of the heaviest
neutrino, if others are very light) should be close to 5 eV [272]. Recently it has been
argued that the Sloan Digital Sky Survey [273] will make it possible to constrain
stable neutrino masses down to values of some tenths of electronvolts [274]. Nev-
ertheless, the problem of structure formation has become more complicated with
the arguments that the expansion of the Universe is accelerated by a cosmological
3The role of a particle species as hot or cold dark matter in the universe is dependent on its mass
at the time when matter started to dominate over radiation, i.e. at t ∼ 10000 years: if particles are
nonrelativistic, it is cold dark matter (CDM), whereas relativistic particles would form hot dark
matter (HDM).
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constant [275]. The argument is based on the redshift-luminosity relation of a few
distant supernovae [276, 277]. Due to the small amount of data and uncertainties
in the explosion dynamics of supernovae this matter is still disputable [278].
The CMB studies will be substantially improved with the forthcoming MAP [279]
and PLANCK [280] satellite measurements of the cosmic microwave background
temperature ﬂuctuations. Theoretically, the acoustic oscillations are dependent on
the properties of the plasma and they will determine the ﬂuctuation spectrum. The
power spectrum of the ﬂuctuations can be used to constrain cosmological param-
eters [281, 282] such as the Hubble rate, the density of the universe (i.e. ΩB and
other Ω parameters), the number of neutrino families (i.e. the remainder of the
energy density of the Universe). The possibility to measure the parameter η and the
energy density of the Universe more precisely than before will lead to a renaissance
of the studies of neutrino properties. The results of Paper IV will be useful then for
setting cosmological limits to the tau and muon neutrino masses, since the eﬀect of
the Z pole in the production of the wrong-helicity neutrinos would be seen as an
increase of ∆Nν  0.04 in the number of relativistic degrees of freedom at the time
of recombination, if neutrino mass is higher than 10 keV. The result may also be
useful in constraining the abundancies of other possible relic particles.
58
Bibliography
[1] Y. Fukuda et al. (SuperKamiokande Collaboration), Phys. Rev. Lett. 81 (1998)
1562.
[2] T. Kajita (for the SuperKamiokande Collaboration), in Proc. 18th Interna-
tional Conference on Neutrino Physics and Astrophysics (NEUTRINO 98),
Takayama, Japan, 4-9 June 1998, hep-ex/9810001.
[3] Particle Data Group, C. Caso et al., Eur. Phys. J. C3 (1998) 1;
http://pdg.lbl.gov/.
[4] A. I. Belesev et al., Phys. Lett. B350 (1995) 263.
[5] K. Assamagan et al., Phys. Rev. D53 (1996) 6065.
[6] R. Barate et al., Eur. Phys. J. C2 (1998) 395.
[7] B. Lundberg et al., Fermilab Report no. P872 (1994) (unpublished); CHORUS
Collaboration, N. Armenise et al., Report no. CERN-SPSC/90-42 (1990) (un-
published); NOMAD Collaboration, P. Astier et al., CERN report no. CERN-
SPSLC/91-21 (1991) (unpublished).
[8] C. S. Wu et al., Phys. Rev. 105 (1957) 1413; R. Garwin et al., ibid. 105 (1957)
1415; J. I. Friedman et al., ibid. 105 (1957) 1681.
[9] T. D. Lee et al., Phys. Rev. 106 (1957) 340.
[10] W. H. Furry, Phys. Rev. 56 (1939) 1184.
[11] L. Baudis et al., hep-ex/9902014.
[12] Y. Chikashige, R. N. Mohapatra and R. D. Peccei, Phys. Rev. Lett. 45 (1980)
1926; Phys. Lett. B98 (1981) 265.
59
[13] M. Gell-Mann, P. Ramond and R. Slansky in Supergravity (eds. P. van Niewen-
huizen and D. Freedman), (Amsterdam North Holland, 1979);
T. Yanagida in Workshop on Unified Theory and Baryon number in the Uni-
verse (eds. O. Sawada and A. Sugamoto), (Japan, KEK, 1979);
R.N. Mohapatra and G. Senjanovic´, Phys. Rev. Lett. 44, (1980) 912.
[14] G. Gelmini and M. Roncadelli, Phys. Lett. B99 (1981) 411.
[15] K. Choi and A. Santamaria, Phys. Lett. B267 (1991) 504.
[16] G. D’Ambrosio and G. Gelmini, Z. Phys. C35 (1987) 461.
[17] C. W. Kim and A. Pevsner, Neutrinos in Physics and Astrophysics (Harwood
Academic Publishers, Chur, Switzerland, 1993).
[18] S. Dodelson, G. Gyuk and M. Turner, Phys. Rev. D 49 (1994) 5068.
[19] S. Dodelson, G. Gyuk and M. Turner, Phys. Rev. Lett. 72 (1994) 3754.
[20] S. Hannestad, Phys. Rev. D 57 (1998) 2213.
[21] A. D. Dolgov S. H. Hansen, S. Pastor and D. V. Semikoz, TAC-1998-028, Oct
1998, hep-ph/9809598.
[22] C. P. Burgess J. M. Cline, Phys. Lett. B298 (1993) 141; Phys. Rev. D 49
(1994) 5925.
[23] P. Bamert, C. P. Burgess and R. N. Mohapatra, Nucl. Phys. B449 (1995) 25.
[24] C. D. Carone, Phys. Lett. B308 (1993) 85.
[25] H. V. Klapdor-Kleingrothaus, hep-ex/9901021.
[26] M. Hirsch, H. V. Klapdor-Kleingrothaus, S. G. Kovalenko and H. Pa¨s, Phys.
Lett. B372 (1996) 8.
[27] C. P. Burgess, Double Beta Decay 0110 (1995) 129, hep-ph/9505349.
[28] A. Zee, Phys. Lett. B93 (1980) 389; ibid. B161 (1985) 141.
[29] A. Yu. Smirnov and M. Tanimoto, Phys. Rev. D 55 (1997) 1665.
[30] J. Pati and A. Salam, Phys. Rev. D10 (1974) 275 ;
R. Mohapatra and J. Pati, Phys. Rev. D11 (1975) 2558 ;
G. Senjanovic´ and R.N. Mohapatra, Phys. Rev. D12 (1975) 1502 ;
G. Senjanovic´, Nucl. Phys. B153 (1979) 334.
60
[31] R. N. Mohapatra and P. B. Pal,Massive neutrinos in Physics and Astrophysics
(World Scientiﬁc, Singapore, 1991).
[32] S. Abachi et al., DØ Collaboration, Phys. Rev. Lett. 76 (1996) 3271.
[33] B. Pontecorvo, Sov. Phys. JETP 26 (1968) 989.
[34] M. Doi et al., Phys. Lett. B102 (1981) 323.
[35] A. Barroso and J. Maalampi, Phys. Lett. B132 (1983) 355.
[36] L. Wolfenstein, Phys. Rev. D 17 (1978) 2369; S. P. Mikheyev and A. Yu.
Smirnov, Nuov. Cim. 9C (1986) 17.
[37] J. N. Bahcall, P. I. Krastev and A. Yu. Smirnov, Phys. Rev. D 58 (1998)
096016.
[38] K. Enqvist, K. Kainulainen and J. Maalampi, Nucl. Phys. B349 (1991) 754.
[39] G. G. Raﬀelt, Stars as Laboratories for Fundamental Physics (The University
of Chicago Press, Chicago, 1996), and references therein.
[40] C. Athanassopoulos et al., Nucl. Instr. and Meth. A 388 (1997) 149.
[41] C. Athanassopoulos et al., Phys. Rev. Lett. 75 (1995) 2650; ibid. 77 (1996)
3082; Phys. Rev. Lett. 81 (1998) 1774; D. H. White, talk presented at ’Neu-
trino ’98 conference (1998).
[42] G. Drexlin et al., J. Prog. Nucl. Part. Phys. 32 (1994) 351.
[43] B. Zeitnitz, KARMEN Collaboration, Talk presented at Neutrino ’98 (1998).
[44] K. Eitel and B. Zeitnitz for the KARMEN Collaboration, talk at Neutrino
’98, hep-ex/9809007.
[45] C. Giunti, Phys. Rev. D 59 (1998) 053001.
[46] S. M. Bilenky, C. Giunti and W. Grimus, hep-ph/9812360.
[47] L. Borodovsky et al., Phys. Rev. Lett. 68 (1992) 274.
[48] A. Romosan et al., Phys. Rev. Lett. 78 (1997) 2912.
[49] B. Achkar et al., Nucl. Phys. B434 (1995) 503.
[50] E. Eskut et al., Nucl. Instr. and Meth. A 401 (1997) 7.
61
[51] J. Altegoer et al., Nucl. Instr. and Meth. A 404 (1998) 96.
[52] E. Eskut et al., Phys. Lett. B424 (1998) 202.
[53] J. Altegoer et al., Phys. Lett. B431 (1998) 219.
[54] D. Casper et al. (IMB Collaboration), Phys. Rev. Lett. 66 (1991) 2561; R.
Becker-Szendy et al., Phys. Rev. D 46 (1992) 3720.
[55] K. S. Hirata et al. (Kamiokande Collaboration), Phys. Lett. B205 (1988) 416;
Phys. Lett. B280 (1992) 146; Y. Suzuki, in Proc. of Neutrino ’96, eds. K.
Enqvist, K. Huitu and J. Maalampi (World Scientiﬁc, Singapore, 1996) p. 73.
[56] Y. Oyama et al., hep-ex/9803014.
[57] C. Rubbia, Nucl. Phys. B (Proc. Suppl.) 48 (1996) 172.
[58] M. Ambrosio et al., Nucl. Instr. and Meth. A 363 (1995) 604.
[59] T. Ypsilantis et al., preprint LPC/96-01, CERN-LAA/96-13 (1996).
[60] H. Shibuya et al., CERN-SPSC-97-24, LNGS-LOI 8/97 (1997).
[61] E. Ables et al., Fermilab-Proposal P875 (1995).
[62] H. de Kerret et al., The CHOOZ Experiment, Proposal, LAPP Report (1993).
[63] CHOOZ Collaboration, M Apollonio et al., Phys. Lett. B420 (1998) 397;
CHOOZ Collaboration, C. Bemporad, in Neutrino ’98 (1998).
[64] P. B. Pal and L. Wolfenstein, Phys. Rev. D 25 (1982) 766.
[65] R. Barbieri and R. N. Mohapatra, Phys. Rev. Lett. 61 (1988) 27.
[66] J. M. Lattimer and J. Cooperstein, Phys. Rev. Lett. 61 (1988) 23.
[67] B. W. Lee and R. E. Shrock, Phys. Rev. D 16 (1977) 1444.
[68] W. J. Marciano and A. I. Sanda, Phys. Lett. B67 (1977) 303.
[69] K. Enqvist, J. Maalampi and A. Masiero, Phys. Lett. B222 (1989) 453.
[70] P. Duka, J. Gluza and M. Zralek, Phys. Rev. D 58 (1998) 053009; M. Czakon,
J. Gluza and M. Zralek, Phys. Rev. D 59 (1999) 013010.
[71] M. B. Voloshin, Sov. J. Nucl. Phys. 48 (1988) 512.
62
[72] K. S. Babu and R. N. Mohapatra, Phys. Rev. Lett. 64 (1990) 1705; G. Ecker,
W. Grimus and H. Neufeld, Phys. Lett. B232 (1990) 217; D. Chang, W. Y.
Keung and G. Senjanovic´, Phys. Rev. D 42 (1990) 1599; N. Marcus and M.
Leurer, Phys. Lett. B237 (1990) 81.
[73] S. M. Barr, E. M. Freire and A. Zee, Phys. Rev. Lett. 65 (1990) 2626; S. M.
Barr and E. M. Freire, Phys. Rev. D 43 (1991) 2989.
[74] B. K. Pal, Phys. Rev. D 44 (1991) 2261.
[75] P. B. Pal, Int. J. Mod. Phys. A 7 (1992) 5387.
[76] F. Reines et al., Phys. Rev. Lett. 32 (1974) 180.
[77] D. A. Krakauer et al., Phys. Rev. D 44 (1991) R6.
[78] G. G. Raﬀelt, Phys. Rev. D 31 (1985) 3002.
[79] A.V. Derbin, Phys. Atom. Nucl. 57 (1994) 222; Yad. Fiz. 57 (1994) 236.
[80] D.A. Krakauer et al., Phys. Lett. B252 (1990) 177.
[81] A.M. Cooper-Sarkar et al., Phys. Lett. B280 (1992) 153.
[82] K. Enqvist, A. I. Rez and V. B. Semikoz, Nucl. Phys. B436 (1995) 49.
[83] M. Bilenky, S. M. Bilenky and A. Santamaria, Phys. Lett. B301 (1993) 287.
[84] M. Bilenky and A. Santamaria, Phys. Lett. B336 (1994) 91.
[85] Z. Bialynicka-Birula, Nuov. Cim. 33 (1964) 1484.
[86] D. Yu. Bardin, S. M. Bilenky and B. Pontecorvo, Phys. Lett. B32 (1970) 121.
[87] H. A. Bethe, Phys. Rev. 55 (1939) 501.
[88] R. Davis, Jr., D. S. Harmer and K. C. Hoﬀman, Phys. Rev. Lett. 20 (1968)
1205. For a recent work, see e.g. B. T. Cleveland et al., Ap. J. 496 (1998) 505.
[89] J. N. Bahcall, N. A. Bahcall and G. Shaviv, Phys. Rev. Lett. 20 (1968) 1209.
[90] J. N. Bahcall, S. Basu and M. H. Pinsonneault, Phys. Lett. B433 (1998) 1.
[91] M. Cribier for the GALLEX Collaboration, Nucl. Phys. Proc. Suppl. 70 (1999)
284.
63
[92] D. N. Abdurashidov et al, Nucl. Phys. Proc. Suppl. 48 (1996) 299.
[93] Y. Fukuda et al. (Kamiokande Collaboration), Phys. Rev. Lett. 77 (1996)
1683.
[94] Y. Fukuda et al. (SuperKamiokande Collaboration), Phys. Rev. Lett. 82 (1999)
2430 (hep-ex/9812011).
[95] R. M. Bionta et al., Phys. Rev. Lett. 58 (1987) 1494 and C. B. Bratton et al.,
Phys. Rev. D37 (1988) 3361.
[96] K. S. Hirata et al., Phys. Rev. Lett. 58 (1987) 1490 and Phys. Rev. D38 (1988)
448.
[97] E. N. Alexeyev et al., Pis’ma Zh. Eksp. Teor. Fiz.,, 45, (1987) 461 (JETP
Lett., 45 (1987) 589) and Phys. Lett. B205 (1988) 209.
[98] F. Halzen for the AMANDA Collaboration, talk presented at the 18th In-
ternational Conference on Neutrino Physics and Astrophysics (Neutrino98),
Takayama, Japan, June 1998; hep-ex/9809025.
[99] The ANTARES Collaboration, ANTARES proposal: Towards a Large Scale
High Energy Cosmic Neutrino Undersea Detector, CPPM-97-02 (1997) and
astro-ph/9707136.
[100] I. Sokalski (for the Baikal Collaboration), The Baikal Deep Underwa-
ter Neutrino Experiment: Status Report (Submitted to the Proceed-
ings of 1st Intern. Conference on Non Accelerator New Physics NANP-
97, Russia, Dubna, July 7 - 11, 1997); see also BAIKAL homepage
http://www.ifh.de/baikal/baikalhome.html.
[101] The NESTOR Collaboration (L. Trasatti for the collaboration), Nucl. Phys.
Proc. Suppl. 70 (1999) 442.
[102] T. K. Gaisser, F. Halzen and T. Stanev, Phys. Rep. 258 (1995) 173.
[103] E. Kh. Akhmedov, Phys. Lett. B213 (1988) 64; C.-S. Lim and W. J. Marciano,
Phys. Rev. D D37 (1988) 1368.
[104] J. Bahcall and N. Cabibbo and Y. Yahil, Phys. Rev. Lett. 28 (1972) 316.
[105] E. Kh. Akhmedov, Talk given at 4th International Solar Neutrino Conference,
Heidelberg, Germany, 8-11 Apr 1997, hep-ph/9705451.
64
[106] A. Acker and S. Pakvasa, Phys. Lett. B320 (1994) 320.
[107] G. T. Ewan et al., Sudbury Neutrino Observatory Proposal, SNO-87-12 (1987).
[108] G. G. Raﬀelt, Phys. Rev. Lett. 64 (1990) 2856.
[109] H. Athar, J. T. Peltoniemi and A. Yu. Smirnov, Phys. Rev. D 51 (1995) 6647.
[110] T. J. Loredo and D. Q. Lamb in E. J. Fenyves (ed.), Fourteenth Texas Sym-
posium on Relativistic Astrophysics, Ann. N.Y. Acad. Sci., 571 (1989) 601.
[111] P. J. Kernan and L. M. Krauss, Nucl. Phys. B437 (1995) 243.
[112] G. G. Raﬀelt and D. Seckel, Phys. Rev. Lett. 60 (1988) 1793.
[113] K. J. F. Gaemers, R. Gandhi and J. M. Lattimer, Phys. Rev. D 40 (1989)
309.
[114] E. L. Chupp, W. T. Vestrand and C. Reppin, Phys. Rev. Lett. 62 (1989) 505;
L. Oberauer et al., Astropart. Phys. 1 (1993) 377.
[115] G. G. Raﬀelt, Particle Physics from Stars, hep-ph/9903472.
[116] D. A. Frail and S. R. Kulkarni, Nature 352, (1991) 785.
[117] A. G. Lyne and D. R. Lorrimer, Nature 369, (1994) 127.
[118] N. N. Chugai, Pis’ma Astron. Zh., 10 (1984) 210 (Sov. Astron. Lett., 10 (1984)
87).
[119] T. K. Gaisser et al., Phys. Rev. D 54 (1996) 5578.
[120] M. Honda et al., Phys. Rev. D 52 (1995) 4985.
[121] V. Agrawal et al., Phys. Rev. D 53 (1996) 1314.
[122] W. W. M. Allison et al. (Soudan 2 Collaboration), Phys. Lett. B449 (1999)
137.
[123] M. Aglietta et al. (NUSEX Collaboration), Europhys. Lett. 8 (1989) 611.
[124] Ch. Berger et al. (Fre´jus Collaboration), Phys. Lett. B227 (1989) 489; Phys.
Lett. B245 (1990) 305.
[125] V. Barger, J. G. Learned, S. Pakvasa and T. J. Weiler, Phys. Rev. Lett. 82
(1999) 2640; astro-ph/9810121.
65
[126] S. Choubey and S. Goswami, hep-ph/9904257.
[127] G. L. Fogli, E. Lisi, A. Marrone and G. Scioscia, hep-ph/9902267.
[128] P. Lipari and M. Lusignoli, hep-ph/9901350.
[129] See e.g., T. K. Gaisser, Cosmic Rays and Particle Physics (Cambridge Uni-
versity Press, Cambridge, 1990).
[130] S. Barwick, F. Halzen, D. Lowder, T. Miller, R. Morse, P. B. Price and A.
Westphal, it J. Phys. G: Nucl. Part. Phys. 18 (1992) 225.
[131] F. Halzen, Lectures at TASI School, July 1998, astro-ph/9810368.
[132] M. S. Longair, High Energy Astrophysics, Vol. I-II (Cambridge University
Press, Cambrigde, 1994).
[133] A. M. Hillas, Ann. Rev. Astron. Astrophys., 22 (1984) 425.
[134] G. Brooke et al. (Haverah Park Collab.), Proc. 19th Intern. Cosmic Ray Conf
(La Jolla) 2, (1985) 150; M. A. Lawrence, R. J. O. Reid and A. A. Watson,
J. Phys. G 17 (1991) 733.
[135] N. N. Eﬁmov et al. (Yakutsk Collab.), ICRR Symposium on Astrophysical
Aspects of the Most Energetic Cosmic Rays, ed. N. Nagano and F. Takahara,
World Scientiﬁc pub. (1991); Proc. 22nd ICRC, Dublin (1991).
[136] D. J. Bird et al. (Fly’s Eye Collab.), Phys. Rev. Lett. 71 (1993) 3401; Ap. J.
424 (1994) 491; Ap. J. 441 (1995) 144.
[137] S. Yoshida et al. (AGASA Collab.), Astropart. Phys. 3 (1995) 3; N. Hayashida
et al., Phys. Rev. Lett. 73 (1994) 3491.
[138] A. W. Wolfendale in Cosmic rays, supernovae and the interstellar medium,
eds. M. M. Shapiro, R. Silberberg and J. P. Wefel (Kluwer Academic Publish-
ers, Dordrecht, 1991) 44.
[139] M. Punch et al., Nature 358 (1992) 477; D. J. Macomb et al., Ap. J. 438
(1995) 59; Ap. J. 446 (1995) 99.
[140] F. Aharonian et al. (HEGRA Collaboration), Astron. Astrophys. 327 (1997)
L5.
[141] K. Mannheim, Rev. Mod. Astron. 12 (1999) 101 (astro-ph/9902185).
66
[142] C. J. Cesarsky and T. Montmerle, Space Sci. Revs. 36 (1983) 173.
[143] J. R. Jokipii and G. E. Morﬁll, Ap. J. Lett. 290 (L1) 1985; Ap. J. 312 (1987)
170.
[144] D. Kazanas and D. C. Ellison, Nature 319 (380) 1986.
[145] C. T. Hill, Nucl. Phys. B 224 (1983) 469
[146] F. A. Aharonian, P. Bhattacharjee and D. N. Schramm, Phys. Rev. D 46
(1992) 4188.
[147] P. Bhattacharjee, C. T. Hill and D. N. Schramm, Phys. Rev. Lett. 69 (1992)
567.
[148] V. Berezinsky, M. Kachelriess and A. Vilenkin, Phys. Rev. Lett. 79 (1997)
4302.
[149] R. Gandhi, C. Quigg, M. H. Reno and I. Sarcevic, Phys. Rev. D 58 (1998)
093009.
[150] K. Greisen, Phys. Rev. Lett. 16 (1966) 748; G. T. Zatsepin and V. A. Kuz’min,
Sov. Phys. JETP Lett. 4 (1966) 78.
[151] L. N. Epele and E. Roulet, J. High Energy Phys. 10(1998)009.
[152] L. A. Anchordoqui, G. E. Romero and J. A. Combi, astro-ph/9903145.
[153] V. S. Berezinsky, Soviet Phys. Nucl. Phys. 11 (1970) 399.
[154] F. W. Stecker, O. C. De Jager and M. H. Salamon, Ap. J. 390 (1992) L49;
F. W. Stecker and M. A. Malkan, astro-ph/9710072; D. MacMinn and J. R.
Primack, Space Sci. Rev. 75 (1996) 413.
[155] See e.g., S. D. Biller et al., Ap. J. 445 (1995) 227, and references therein.
[156] K. Mannheim, Science 279 (1998) 684.
[157] For an astrophysical overview of AGN, see I. Robson, Active galactic nuclei
(John Wiley et Sons Ltd, Bodmin, 1996).
[158] M. J. Rees, Ann. Rev. Astron. Astrophys. 22 (1984) 471.
[159] J. Frank, A. King and D. Raine, Accretion power in astrophysics (Cambridge
University Press, Cambridge, 1992).
67
[160] J. H. Krolik et al., Ap. J. 371 (1991) 541.
[161] R. J. Protheroe and D. Kazanas, Ap. J. 265 (1983) 620.
[162] D. Kazanas and D. Ellison, Ap. J. 304 (1986) 178.
[163] F. W. Stecker, C. Done, M. H. Salamon, and P. Sommers, Phys. Rev. Lett.
66 (1991) 2697; ibid. 69 (1992) 2738E; F. W. Stecker and M. H. Salamon, Sp.
Sci. Rev. 75 (1996) 341 (astro-ph/9501064).
[164] M. C. Begelman, B. Rudak and M. Sikora, Ap. J. 362 (1990) 38.
[165] F. Halzen and E. Zas, Ap. J. 488 (1997) 669, astro-ph/9702193.
[166] K. Mannheim in Proceedings of the Heidelberg Workshop on Gamma-ray emit-
ting AGN. Eds. J. Kirk and S. Wagner (1996), astro-ph/9612066.
[167] A. H. Bridle in Extragalactic radio sources, eds. D. S. Heeschen and C. M.
Wade (Reidel, Dordrecht, 1982).
[168] I. Fernini, J. P. Leahy, J. O. Burns and J. P. Basart, Ap. J. 381 (1991) 63.
[169] L. F. Brown, D. H. Roberts and J. F. C. Wardle, Ap. J. 437 (1994) 108.
[170] J. F. C. Wardle, T. V. Cawthorne, D. H. Roberts and L. F. Brown, Ap. J.
437 (1994) 122.
[171] P. L. Biermann and P. A. Strittmatter, Ap. J. 322 (1987) 643.
[172] K. Mannheim and P. L. Biermann, Astron. Astrophys. 22 (1989) 211.
[173] K. Mannheim and P. L. Biermann, Astron. Astrophys. 253 (1992) L21.
[174] K. Mannheim, Astron. Astrophys. 269 (1993) 67.
[175] K. Mannheim, Phys. Rev. D 48 (1993) 2408.
[176] K. Mannheim, Astropart. Phys. 3 (1995) 295.
[177] J. P. Rachen and P. L. Biermann, Astron. Astrophys. 272 (1993) 161.
[178] J. P. Rachen, T. Stanev and P. L. Biermann, Astron. Astrophys. 273 (1993)
377.
[179] K. Meisenheimer et al., Astron. Astrophys. 219 (1989) 63.
68
[180] E. Fermi, Phys. Rev. 75 (1949) 1169.
[181] J. I. Katz, High energy astrophysics (Addison-Wesley, USA, 1987).
[182] J. G. Kirk, D. B. Melrose and E. R. Priest, Plasma astrophysics, eds. A. O.
Benz and T. J.-L. Courvoisier (Springer-Verlag, Berlin, 1994).
[183] A. R. Bell Mon. Not. R. Astr. Soc. 182 (1978) 147.
[184] G. F. Krymsky, Dok. Acad. Nauk. USSR 234 (1977) 1306.
[185] W. I. Axford, E. Leer, and G. Skadron, Proc. 15th Intl. Cosmic Ray Conf. 11
(1977) 132.
[186] R. D. Blandford and J. P. Ostriker, Ap. J. 221 (1978) L29.
[187] J. A. Peacock, Mon. Not. R. Astr. Soc. 196 (1981) 135; A. F. Heavens and
L. O’C. Drury, Mon. Not. R. Astr. Soc. 235 (1988) 997; D. C. Ellison, F. C.
Jones and S. P. Reynolds, Ap. J. 360 (1990) 702.
[188] J. G. Kirk and G. Schneider, Ap. J. 315 (1987) 425; ibid. 322 (1987) 256.
[189] J. G. Kirk and A. F. Heavens, Mon. Not. R. Astr. Soc. 239 (1989) 995.
[190] K. R. Ballard and A. F. Heavens, Mon. Not. R. Astr. Soc. 259 (1992) 89.
[191] R. E. McGuire and T. T. von Rosenvinge, Adv. Space Res. 4, No 2-3, (1984)
117.
[192] T. G. Guzik Solar Physics, 118 (1988) 185.
[193] M. Sikora, M. C. Begelman and M. J. Rees, Ap. J. 421 (1994) 153.
[194] K. Mannheim, R. J. Protheroe and J. P. Rachen, astro-ph/9812398.
[195] R. J. Protheroe, astro-ph/9809144.
[196] K. Mannheim, astro-ph/9812407.
[197] E. Waxman and J. Bahcall, Phys. Rev. D 59 (1998) 023002.
[198] J. Bahcall and E. Waxman, hep-ph/9902383.
[199] J. C. F. Wardle et al., Nature 395 (1998) 457.
[200] J. G. Learned and S. Pakvasa, Astropart. Phys. 3 (1995) 267.
69
[201] J. Quinn et al., Ap. J. 456 (1995) L83.
[202] J. Chiang et al., Ap. J. 452 (1996) 156.
[203] D. M. Lowder, The AMANDA neutrino telescope: design, con-
struction, and performance, in Astronomical-Society-of-the-Pacific-
Conference-Series Vol.141 (1998) 220; see also AMANDA home page,
http://amanda.berkeley.edu/.
[204] F. Halzen and D. Saltzberg, Phys. Rev. Lett. 81 (1998) 4305.
[205] L. V. Volkova, Yad. Fiz. 31 (1980) 1510.
[206] L. Pasquali, M. H. Reno and I. Sarcevic, hep-ph/9806428.
[207] B. R. Martin and G. Shaw, Particle Physics (John Wiley, Chichester, England,
1997).
[208] P.B. Price, Ap. J. 5 (1996) 43 and astro-ph/9510119.
[209] RICE Collaboration (C. Allen et al.), astro-ph/9709223.
[210] E. Zas, F. Halzen and T. Stanev, Phys. Rev. D 45 (1992) 362.
[211] R. J. Protheroe, in Accretion Phenomena and Related Outflows, IAU Collo-
quium 163, Volume 121 of the ASP Conference Series, ed. D. T. Wickramas-
inghe, G. V. Bicknell, and L. Ferrario (Astronomical Society of the Paciﬁc,
San Francisco, 1997); astro-ph/9607165.
[212] E. Waxman and J. Bahcall, Phys. Rev. Lett. 78 (1997) 2292.
[213] E. Roulet, Phys. Rev. D 47 (1993) 5247.
[214] T. J. Weiler, hep-ph/9710431.
[215] D. Fargion, B. Mele, A. Salis, astro-ph/9710029.
[216] S. Sahu and V. M. Bannur, hep-ph/9803487.
[217] J. R. Mureika and R. B. Mann, Phys. Lett. B368 (1996) 112.
[218] A. Halprin et al., Phys. Rev. D 53 (1996) 5365.
[219] H. V. Klapdor-Kleingrothaus, H. Pa¨s and U. Sarkar, Eur. Phys. J. A5 (1999)
3.
70
[220] M. A. Mughal and H. Athar, talk given at 6th BCSPIN Kathmandu Summer
School in Physics: Current Trends in High-Energy Physics and Cosmology,
Kathmandu, Nepal, 19 May - 3 Jun 1997 and 6th National Symposium on
Frontiers in Physics, Islamabad, Pakistan, 16-18 Dec 1997, hep-ph/9806408;
A. Husain, talk at 5th International Workshop on Tau Lepton Physics (TAU
98), Santander, Spain, 14-17 Sep 1998, submitted to Nucl.Phys.Proc.Suppl.
B, hep-ph/9811221.
[221] R. A. Alpher, J. W. Follin and R. C. Hermann, Phys. Rev. 92 (1953) 1347.
[222] E. W. Kolb and M. S. Turner, The Early Universe (Addison-Wesley, 1990).
[223] G. Gerstein and Ya. B. Zel’dovich, Zh. Eksp. Teor. Fiz. Pis’ma Red. 4 (1966)
174 and R. Cowsik and J. McClelland, Phys. Rev. Lett. 29 (1972) 669.
[224] G. G. Raﬀelt in Proceedings of the Summer School on Physics with Neutrinos,
ed. M. P. Locher (Paul Scherrer Institut, Villingen, 1996), and update hep-
ph/9704315.
[225] W. Freedman, LAPP98, CERN, Switzerland, June 1998.
[226] M. S. Turner and J. A. Tyson, Rev. Mod. Phys. 71 (1999) S145.
[227] G. Gelmini, hep-ph/9904369.
[228] F. Hoyle and R. J. Taylor, Nature 203 (1964) 1108. See also P. J. E. Peebles,
Phys. Rev. Lett. 16 (1966) 411.
[229] J. Yang, M. S. Turner, G. Steigman, D. N. Schramm and K. A. Olive, Ap. J.
281 (1984) 493; G. Steigman, K. A. Olive, D. N. Schramm and M. S. Turner,
Phys. Lett. B176 (1986) 33; K. A. Olive, D. N. Schramm, G. Steigman and
T. P. Walker, Phys. Lett. B236 (1990) 454; T. P. Walker, G. Steigman, D. N.
Schramm, K. A. Olive and H.-S. Kang, Ap. J. 376 (1991) 51.
[230] N. Hata, R. J. Scherrer, G. Steigman, D. Thomas, T. P. Walker, S. Bludman
and P. Langacker, Phys. Rev. Lett. 75 (1995) 3977.
[231] G. Steigman, astro-ph/9803055.
[232] D. N. Schramm and M. S. Turner, Rev. Mod. Phys. 70 (1998) 303.
[233] P. Gondolo and G. Gelmini, Nucl. Phys. B360 (1991) 145.
[234] H. Y. Chiu and P. Morrison, Phys. Rev. Lett. 5 (1960) 573.
71
[235] Ya. B. Zel’dovich, Adv. Astron. Astrophys. 3 (1965) 241; Sov. Phys. Usp. 9
(1967) 602.
[236] D. Dicus et al., Phys. Rev. D 26 (1982) 2694.
[237] K. Enqvist, K. Kainulainen and V. Semikoz, Nucl. Phys. B374 (1992) 392.
[238] D. Fixen et al., Ap. J. 473 (1996) 576.
[239] J. Bernstein, L. S. Brown and G. Feinberg, Phys. Rev. D 32 (1985) 3261.
[240] A. D. Dolgov and I. Z. Rothstein, Phys. Rev. Lett. 71 (1993) 476.
[241] M. Roos, Introduction to Cosmology (Wiley, Chichester, UK, 1994).
[242] S. Sarkar, hep-ph/9710273.
[243] S. Sarkar, astro-ph/9903183.
[244] K. A. Olive, astro-ph/9903309.
[245] B. E. J. Pagel, Nucleosynthesis and Chemical Evolution of Galaxies (Cam-
bridge University Press, 1997, Cambridge).
[246] P. J. Kernan and S. Sarkar, Phys. Rev. D 54 (1996) R3681.
[247] Y. I. Izotov, T. X. Thuan and V. A. Lipovetsky, Ap. J. 435 (1994) 647; Y. I.
Izotov and T. X. Thuan, ibid. 500 (1998) 188.
[248] K. A. Olive, E. Skillman and G. Steigman, Ap. J. 483 (1997) 788.
[249] A. Songaila, L. L. Cowie, C. J. Hogan and M. Rugers, Nature 368 (1994) 599;
R. F. Carswell, M. Rauch, R. J. Weymann, A. J. Cooke and J. K. Webb, Mon.
Not. R. Astr. Soc. 268 (1994) L1.
[250] J. K. Webb, R. F. Carswell, K. M. Lanzetta, R. Ferlet, M. Lemoine and A.
Vidal-Madjar, Nature 388 (1997) 250; D. Tytler, S. Burles, L. Lu, X.-M. Fan,
A. Wolfe and B.D. Savage, astro-ph/9810217.
[251] D. Tytler, X.-M. Fan and S. Burles, Nature 381 (1996) 207; D. Tytler and S.
Burles, Ap. J. 499 (1998) 699; ibid. 507 (1998) 732; Sp. Sci. Rev. 84 (1998)
65.
[252] M. Tosi, G. Steigman, F. Matteucci and C. Chiappini, Ap. J. 498 (1998) 226.
72
[253] J. A. Thorburn, Ap. J. 421 (1994) 318; P. Molaro, F. Primas and P. Bonifacio,
Astron. Astrophys. 295 (1995) L47.
[254] B. Chaboyer and P. Demarque, Ap. J. 433 (1994) 510.
[255] M. H. Pinsonneault, T. P. Walker, G. Steigman and V. K. Naranyan, astro-
ph/9803073.
[256] M. Kawasaki, K. Kohri and K. Sato, Phys. Lett. B430 (1998) 132, astro-
ph/9705148.
[257] K. A. Olive and D. Thomas, UMN-TH-1728-98, hep-ph/9811444.
[258] C. J. Copi, D. N. Schramm and M. S. Turner, Phys. Rev. Lett. 75 (1995) 3981;
Phys. Rev. D 55 (1997) 3389.
[259] B. D. Fields, K. Kainulainen, K. A. Olive and D. Thomas, New Astr. 1 (1996)
77.
[260] E. Lisi, S. Sarkar and F. L. Villante, hep-ph/9901404.
[261] S. Burles, K. M. Nollet, J. M. Truran and M. S. Turner, astro-ph/9901157.
[262] A. D. Dolgov, K. Kainulainen and I. Z. Rothstein, Phys. Rev. D 51 (1995)
4129.
[263] R. Foot and R. R. Volkas, Phys. Rev. D 56 (1997) 6653; Erratum-ibid. 59
(1999) 029901.
[264] P. Coles and F. Lucchin, Cosmology: The Origin and Evolution of Cosmic
Structure (Wiley, Chichester, 1995).
[265] R. K. Sachs and A. M. Wolfe, Ap. J. 147 (1967) 73.
[266] W. Hu, N. Sugiyama and J. Silk, Nature 386 (1997) 37.
[267] G. Smoot et al., Ap. J. 396 (1992) L1; C. Bennett et al., Ap. J. 464 (1996)
L1.
[268] C. Frenk, Phys. Scr. T36 (1991) 70; J. P. Ostriker, Ann. Rev. Astron. Astro-
phys. 31 (1993) 689.
73
[269] P. J. E. Peebles, Ap. J. 258 (1982) 415; A. A. Klypin and S. F. Shandarin,
Mon. Not. R. Astr. Soc. 204 (1983) 891; C. Frenk, S. D. M White and M.
Davis, Ap. J. 271 (1983) 417; J. R. Bond and A. Szalay, Ap. J. 274 (1983)
443.
[270] P. J. E. Peebles, Ap. J. 263 (1984) L1; J. R. Bond and G. Efstathiou, Ap. J.
285 (1984) L45.
[271] A. Klypin et al., Ap. J. 416 (1993) 1; U. P. Jing et al, Astron. Astrophys.
284 (1994) 703; C.-P. Ma and E. Bertshinger, Ap. J. 429 (1994) 22; D. Yu
Pogosyan and A. A. Starobinsky, Ap. J. 447 (1995) 465; A. Liddle et al., Mon.
Not. R. Astr. Soc. 281 (1996) 531; A. Klypin, R. Nothniius and J. Primack,
Ap. J. 474 (1997) 533.
[272] Q. Shaﬁ and R. K. Schaefer, Talk given at International Workshop on Aspects
of Dark Matter in Astrophysics and Particle Physics, Heidelberg, Germany,
16-20 Sep 1996, hep-ph/9612478; J. R. Primack, J. Holtzman, A. Klypin and
D. O. Caldwell, Phys. Rev. Lett. 74 (1995) 2160.
[273] See http://www.sdss.org/ for the Sloan Digital Sky Survey.
[274] W. Hu, D. J. Eisenstein and M. Tegmark, Phys. Rev. Lett. 80 (1998) 5255.
[275] P. Garnavich et al., astro-ph/9806396.
[276] S. Perlmutter et al., astro-ph/9812133.
[277] M. S. Longair, Galaxy Formation (Springer, New York, 1998).
[278] J. T. Peltoniemi, private communication.
[279] See the homepage of MAP Collaboration, http://map.gsfc.nasa.gov/.
[280] See the homepage of PLANCK Collaboration, http://astro.estec.esa.nl/SA-
general/Projects/Planck/.
[281] G. Jungman, M. Kamionkowski, A. Kosowsky, D. N. Spergel, Phys. Rev. D
54 (1996) 1332.
[282] J. R. Bond, G. Efstathiou and M. Tegmark, Mon. Not. R. Astr. Soc. 29 (1997)
L33, astro-ph/9702100.
74
